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Abstract
The Digital Imaging Remote Sensing Image Generation (DIRSIG)
model is a synthetic image generation (SIG) tool developed by the Digital
Imaging/Remote Sensing (DIRS) group at Rochester Institute of Technology's
(RIT) Center for Imaging Science (CIS). Validation of a series ofDIRSIG
scenes over a broad spectral range has been presented. The validation
scenario makes use of airborne and ground truth data collected during the
Western Rainbow study conducted from October 18 24, 1995 at the United
States Army Proving Ground in Yuma, Arizona. Three sensors were simulated
in the validation scenario: the Daedalus multispectral sensor, the
Hyperspectral Digital Imagery Collection Experiment (HYDICE), and the
Spatially Enhanced Broadband Array Spectrograph System (SEBASS), and
collectively, they covered the spectrum from 0.4 to 14 microns.
As part of the study, various emissivity extraction techniques have
been reviewed, and DIRSIG's potential as an imaging spectroscopy tool in the
8 to 14 |a,m atmospheric window has been evaluated. One procedure: the
Planck curve fitting technique, has been implemented and utilized with
DIRSIG, SEBASS and ground truth data to extract emissivity spectra.
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1.0 Introduction
With recent advances in sensor technologies, the fusion of imaging and
spectroscopy has created a powerful new tool for the remote study of the earth.
Imaging spectroscopy, spectroscopy in a spatial context, (Adams et. al., 1993)
made possible with the advent of hyperspectral sensors provides a three-
dimensional (two spatial and one spectral) image cube of the scene. Inherent
in the cube are tens or hundreds of spatially registered spectral images of the
scene. Typically, the acquisition of spectral data with these sensors occurs
along narrow, contiguous bands. This high degree of spectral resolution
allows for the reconstruction of a complete spectrum, within the limits of the
sensor's spectral response, for each pixel in the scene, and may be sufficient to
allow for the unique identification of particular materials in the scene through
comparison with spectral features of known materials.
A second area of research within the remote sensing community that
has experienced a great deal of activity in recent years and is also becoming a
powerful tool for the study of imaging systems are synthetic image generation
(SIG) models. SIG models have proven useful in a number of applications
including sensor design, algorithm development, hypothesis testing, training
and end-to-end image chain analysis (Schott, 1997).
Although the focus of this study is to validate the Digital Imaging and
Remote Sensing Image Generation (DIRSIG) model across a broad spectral
and temporal range, a traditional validation utilizing a one to one comparison
between a DIRSIG and truth scene was not performed. Instead, several
DIRSIG simulations of the same scene generated at different times and
incorporating different sensor responses, were compared to a number of
Daedalus multispectral as well as hyperspectral scenes captured during the
Western Rainbow study in October of 1995. The DIRSIG scene, while not an
exact replica of any one region from within the study site, does nevertheless,
afford the opportunity to make general comparisons between it and various
truth scenes from the study site where similar materials were utilized.
The Hyperspectral Digital Imagery Collection Experiment (HYDICE),
with 210 channels, encompassed the visible, NIR and SWIR region of the
spectrum from 0.4 to 2.5 microns. The long wave infrared (LWIR) region of the
spectrum from approximately 7.5 to 14 microns was sampled with 128
channels by the Spatially Enhanced Broadband Array Spectrograph System
(SEBASS). Daedalus, with only 12 channels, does not afford the spectral
resolution ofHYDICE or SEBASS, but does encompass the entire region from
approximately 0.4 to 14 microns. It was the only sensor of the three that
sampled the MWIR region of the spectrum, from approximately 2.5 to 5.6
microns, but did so with only one channel. Both daytime and nighttime
comparisons were made between the DIRSIG and Daedalus, and DIRSIG and
SEBASS sensors. In addition to the three sensors mentioned above, one
ground-based imaging spectrometer, a Bomem FTS, was utilized as a second
source for spectral comparisons in the LWIR region.
The validation process should also evaluate the potential for
performing thermal infrared imaging spectroscopy with DIRSIG. With this in
mind, methods for extracting emissivity information from the long wave
infrared (LWIR), 8 - 14 (im region, have been reviewed and one method: the
Planck curve fitting technique, has been utilized with DIRSIG, SEBASS and
ground truth data.
2.0 Objectives
While White (1996) and Kraska (1996) recently completed separate
studies that evaluated the performance ofDIRSIG in the visible and infrared
regions of the spectrum respectively, the primary objective of this work is to
evaluate its performance across a broad spectral range from the visible
through the infrared. Towards this end the following task will be performed.
A brief review of the DIRSIG model and validation methods will be conducted.
A complex desert scene will be designed and constructed based on the Western
Rainbow study which occurred at the Yuma proving grounds in October of 1995.
The scene will not attempt to duplicate any specific region of the Western
Rainbow study. Rather, it will incorporate characteristics from the different sites
within the study into one generic scene.
The DIRSIG scene and reference images from the Western Rainbow study sites
will be compared using Rank Order Correlation (ROC), as well a visual analysis.
The latter is mentioned to remind the reader and the author that basic visual
analysis is no less important in providing insight to the fidelity of the synthetic
image. Spectral comparisons will also be made between the DIRSIG
hyperspectral scenes and the HYDICE and SEBASS imagery.
A review of emissivity extraction techniques for the 8 14 u,m window within the
longwave infrared (LWIR) region of the electromagnetic spectrum will also be
undertaken with the goal of utilizing one of them to evaluate the potential for
performing thermal infrared imaging spectroscopy with DIRSIG.
3.0 Background
In order to provide a framework for the problem ofvalidating a DIRSIG
hyperspectral scene, a short summary of the governing equation is provided
followed by a review ofDIRSIG and finally a review of emissivity extraction
techniques.
3.1 The Governing Equation
Before we can understand how DIRSIG works it is important to review
the underlying governing equation that describes the significant paths of
radiance reaching the sensor. Figure 3.1 depicts the solar energy paths while
the self-emitted thermal paths are depicted in figure 3.2.
Figure 3.1 Solar Energy Paths
We can define the solar radiance reaching the sensor as
Lsoiar = La + Lb + Lc + Lg (3.1)
where Jsolar
La
total radiance reaching the sensor from the solar
photons [Wm^sr1]
radiance originating at the sun, passes through the
atmosphere, is reflected off the target, and passes
through the atmosphere a second time in route to
the sensor
Lb radiance originating at the sun, scattered by the
atmosphere, reflected by the target, and passes
through the atmosphere in route to the sensor
downwelled radiance
Lc
LG
radiance scattered by the atmosphere into the
sensor - upwelled radiance
radiance originating at the sun, is reflected off the
background onto the target where it is reflected
back up to the sensor.
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Figure 3.2 Self-Emitted Thermal Energy Paths
We can define the self-emitted thermal radiance reaching the sensor as
Lthermal Ld + Le + Lf + Lh (3.2)
where Lthermal total radiance reaching the sensor from the self-
emitted thermal photons [Wm^sr1]
Ld self-emitted radiance from the target passing
through the atmosphere in route to the sensor
Le self-emitted radiance from the atmosphere
reflected off the target and passes through the
atmosphere in route to the sensor self-emitted
downwelled radiance
Lf self-emitted radiance from the atmosphere to the
sensor self-emitted upwelled radiance
Lh self-emitted radiance from the background,
reflected off the target and passes through the
atmosphere in route to the sensor
Combining the two equations accounts for the total spectral radiance reaching
the sensor. Substituting expressions for La, Lb, Lc, Ld, Le, Lf, Lg, and Lh
using Schott's convention, produces a final expression known as the "Big
Equation." (Schott, 1997)
Lx= La + Ld + Lb + Le + Lg + Lh + Lc + Lf (3.3)
Lx = { Es; coscr ti(A) * [r(A)/7c] + e(X)Lrx + F[Eds^ + EdJ *[rd(A)/7u] +
(1 F) * [ Lbs, + LbJ rd(X) } * %2(X) + Lus, + LUeX
where
Esx'
Exoatmospheric irradiance [Wnr2 unr1]
coscy- angle from the target normal to the sun
Xi(X) atmospheric transmission along sun to target path
X2(X) atmospheric transmission along target to sensor path
r(X) reflectance of the target
e(A,) emissivity of the target
Lt^ self-emitted radiance from target at temperature T
[Wm-2sr-i]
F shape factor - fraction of the hemisphere above the target
that is sky
1-F fraction of the hemisphere above that target that is
background
Eds;i solar downwelled irradiance [Wm2 unr1]
Ead self-emitted downwelled irradiance [Wm'2 linr1]
rd(A-) diffuse reflectance of target
Lbs^
LuSJl
JueX
background reflected radiance [Wm2sr-1 [im4]
background self-emitted radiance [Whr2sr-1 iinr1]
upwelled solar radiance [Wm-2sr4 urn-1]
upwelled self-emitted radiance [Wm^sr1 unr1]
The radiance reaching the sensor is then cascaded with the sensor's
spectral response function to determine the effective radiance that the sensor
sees.
Leff = \LxR(,l)dX (3.4)
where Leff effective radiance
R'
normalized spectral response function of the sensor
L^ radiance reaching the sensor defined by Eq. (3.3)
3.2 DIRSIG Review
In order to properly simulate an object in its environment DIRSIG
follows an end-to-end imaging chain approach where different submodels are
interwoven to emulate various segments of the chain. Figure 3.3 illustrates
the interconnectedness of the various submodels within DIRSIG. Each
submodel will be briefly addressed in the following sections.
Geometry
Submodel
Thermal
Submodel
Ray
Tracer
Sensor
Submodel
Radiometry
Submodel
Final
Image
Figure 3.3 DIRSIG Submodel Overview (modified from Mason et al., 1994)
3.2.1 Geometric Submodel
The geometric submodel provides the format for the creation and
location of objects within the synthetic image. At the front end of the
submodel is AutoCAD (Autodesk Inc., 1995), a computer aided design
package, which facilitates the construction of a wire-frame representation of
the scene. The basic building block within the scene is the facet and the
hierarchy, from bottom up within the model, is facet, part, object and scene.
This hierarchy is illustrated in figure 3.4. Each facet is assigned material and
spatial attributes. The former describes the optical and thermodynamic
properties of the facet while the latter describes the facet location and
geometry within the scene (Schott et. al., 1993). Figure 3.5 depicts the subtree
organization of the material attributes for each facet. The spatial properties
are gathered as part of the translation process from the AutoCAD drawing
environment into real world geographical coordinates suitable for use by the
other DIRSIG submodels.
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Part Node
1-1
I
Facet Node
1-1-1
Facet Node
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Figure 3.4 DIRSIG Data Hierarchy
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Figure 3.5 Facet Material Parameters
3.2.2 Ray-Tracer
The ray-tracer directs the integration of the individual submodels in a
fashion to produce a two-dimensional synthetic image of the
three-dimensional geometric data base. To facilitate this synthesis, rays are
cast from the focal point of the sensor to determine the intersection point
within the scene. Then the photon path is retraced from each pixel in the
synthetic image to the sensor. In this manner the scene interactions of each
photon reaching the sensor can be determined. Figure 3.6 illustrates the
information stream that the ray-tracer coordinates while figure 3.7 illustrates
the algorithm flow within the ray-tracer for each photon path.
Prior to ray-tracing, DIRSIG calculates bounding volumes at part and
object levels in order to reduce the search space for the facet that defines the
intersection point within the scene. The search is confined to only those facets
Weather data Radiometry Viewing Sensor
base file data base file parameter tile parameter file
Figure 3.6 Ray-Tracer Interactions (Schott, et al., 1993)
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Figure 3.7 Ray-Tracer Algorithm Flow (Schott, et al., 1993)
within the first part that of the first object that the ray intersects. Figure 3.8
illustrates the bounding volume approach to object and part definitions
within the scene.
pert bounding
volume
. object bounding
volume
facet
Figure 3.8 Object and Part Bounding Volumes (Schott, et al., 1993)
After identifying the intersection point within the scene, the ray-tracer
determines the sun/shadow history for the facet. The history is necessary to
properly predict the direct solar insolation term which is required by the
thermodynamic model. The process is accomplished by recasting a ray from
the facet in the direction of the sun at set time intervals. The direct solar
insolation term is modified if either an opaque or transmissive facet is
encountered. In the former, the term is set to zero and in the latter the term is
multiplied by the transmission of the obscuring facet. Figure 3.9 illustrates
the process by which the direct solar insolation term is modified at set time
intervals during the simulation period.
The facet's reflectivity, which is divided into specular and diffuse
components, is accessed next to determine the reflected radiance exiting the
facet. The specular contribution is computed by casting a ray to the sun and a
second ray in the direction of the specular bounce. The radiance contributions
from these two rays are combined and weighted by the specular reflectivity of
the facet material. The diffuse contribution is calculated in a similar fashion
with the exception that multiple rays are cast at fixed intervals within the
hemisphere. Each of these secondary rays is weighted by the appropriate solid
angle and the contribution from each is combined and factored by the diffuse
reflectivity of the material. Figure 3.7 illustrates the algorithm flow for
determining the radiance value of reflective objects.
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Figure 3.9 Direct Solar Insolation Computations (Schott, et al., 1993)
It has been shown that the number of ray bounces within the longwave
region of the spectrum that significantly affect the final radiance value
reaching the sensor is two (Shor, 1990). It has not, however, been determined
if this figure also holds for the visible through the midwave regions (Schott, et
al., 1993).
3.2.3 Thermal Submodel
The thermal submodel within DIRSIG, THERM, was developed by DCS
corporation as part of the Air Force Infrared Simulated Image Model
(AIRSIM). It is the module used to compute the time dependent temperature
of the materials within the synthetic image at each pixel. THERM requires
material and time dependent environmental parameters as inputs to predict
the effects of radiative heat exchange, convection, conduction within the facet,
and absorption of solar insolation on the temperature of the facet.
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Table 3.1 Inputs to Thermal Submodel
Location Parameters Material Parameters
Latitude
Longitude
Date
Heat Capacity
Thermal Conductivity
Thickness
Time Difference from GMT
Time Interval
Sunrise
Sunset
SolarAbsorptivities
Exposed Area
Self Generated Power
Slope and Azimuthal Angles
Meteorological Parameters
Direct Insolation Diffuse Insolation
High Noon Transmission
Sunrise Air Temperature
Peak Air Temperature Time
Relative Humidity
Wind Speed
Colud Type
Percipitation Rate
Air Temperature
Peak Air Temperature
Air Pressure
Dew Point Temperature
Sky Exposure
Percipitation Type
Percipitation Temperature
THERM will compute the temperature of facets at any point in time
based on the input parameters listed in table 3.1. There are no initial facet
temperatures when the process is initiated. Rather, an approximation is
made based on an equilibrium value that results from considering all the
parameters for a 24 hour period prior to the time of simulation. Since the
output temperature from THERM is a reflection of the input parameters, it is
critical to estimate these inputs as accurately as possible.
THERM treats each facet as thermally independent and as such does
not consider conduction between facets. This may not cause problems for
passive real world objects, but does pose limitations for objects with internal
heat sources. However, as a material attribute, facets can be assigned a self-
generated power term which, if properly implemented, may overcome some of
the limitations due to non-conduction between facets (Schott, et al., 1993).
DIRSIG has also been modified recently to allow for indirect diffusion from
internal heat sources which may also help mitigate this limitation (Sirianni,
1994).
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3.2.4 Radiometry Submodel
Once the geometric and temperature characteristics of each facet in the
synthetic scene have been determined, the radiance exiting these facets and
arriving at the front end of the sensor can be determined by the radiometry
submodel. The submodel recognizes diffuse, specular, diffuse with a specular
bounce and transmissive facets. It is also capable of incorporating textures in
the synthetic scene on a pixel-by-pixel basis without diminishing the mean
level integrity of the radiance values (Schott, et al., 1995). Although not
utilized in the present study, a new reflectance model was recently
incorporated into DIRSIG which utilizes bi-directional reflectance distribution
functions (BRDF) on a material specific basis (Brown, et. al., 1997).
To facilitate the quantification of the radiance exiting each facet, a
model of the intervening atmosphere must be created. The latter should
include the transmission between each point in the scene to the source and
the sensor, the upwelled and downwelled radiance and the exoatmospheric
solar irradiance.
DIRSIG currently utilizes MODTRAN, developed by the Air Force
Geophysics Laboratory, for its atmospheric modeling. MODTRAN, which is a
multiple scattering model, models the atmosphere as a series of homogeneous
layers (Kneizys, et al., 1988). Each layer may be characterized with default
meteorological parameters or user-specified radiosonde data. The latter
provides a more accurate profile of the atmosphere. In addition, each layer is
defined by composition of gases, aerosol type and scattering phase functions
for each pre-defined gas and particulate. The model accounts for all the major
effects influencing the radiance reaching the sensor enabling a realistic
prediction of the radiance field (Schott, et al., 1993).
3.2.5 Sensor Submodel
The final submodel that affects the synthetic image generation process
is the sensor submodel. The radiance field at the sensor produced by the
radiometry submodel is converted to digital counts integrating the sensor's
spectral response function as well as the sensor gain and offset parameters in
the process. The former, shown in equation 3.5, describes the sensor's
spectrally dependent sensitivity.
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2^max
KW= ^L(6,X)Ra)AX (3.5)
^-^min
where LW(Q) Radiance at zenith angle 6 over the bandpass of
interest
L(Q,X) Radiance produced by the radiometry submodel at
zenith angle 8 and wavelength X
R(X) Spectral response function at wavelength X
^.mm & A,max Bandpass of the spectral response function
The radiance detected by the sensor is then converted to digital count values
according to the equation 3.6.
DC = gain Lw(6) + offset (3.6)
where DC Digital count value
Lw(9) Radiance as defined in equation 3.5
gain Sensor gain
offset Sensor offset
The gain and offset terms are defined by the user to represent a known sensor
or to simulate various sensor characteristics.
Other characteristics may also be incorporated in the sensor submodel
to simulate various spatial factors affecting the final radiance image. These
may include Atmospheric turbulence, line-of-sight jitter, sensorMTF, and
various types of noise. Geometric distortions common to the various types of
sensors i.e., frame cameras, line, whisk and pushbroom scanners, may also be
incorporated. All of these degradation factors are intended to produce a
synthetic image that more closely approximates the real world.
3.2.6 DIRSIG Review Summary
The process of producing a final synthetic image within DIRSIG, which
has been briefly reviewed in the preceding sections, is intricate. The various
submodels, many ofwhich perform multiple tasks at different stages within
the process must be integrated at the appropriate time and place within
DIRSIG. The overall program flow is illustrated in figure 3.10. The
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compartmentalization of the submodels within DIRSIG allows for more
efficient updates to the synthetic image generation process. While the
submodels themselves may be modified to incorporate improvements to the
overall process, an entire submodel may also be replaced with minimal
disruption to the rest of the program.
AutoCad
Figure 3.10. DIRSIG Flow Chart. Files are shown in ellipses. Programs are
shown in rectangles. Optional input arguments are indicated with dashed lines.
Modified from (Schott, et al., 1993)
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3.3 Validation Methods
Comparisons between the synthetic image and truth images are
necessary to evaluate the performance of SIG models. However, in the current
study, there was no attempt to perform an absolute comparison between the
truth and SIG scene. A single truth scene was not chosen as a template for the
SIG scene. Rather, the SIG scene is patterned after the character of the
Western Rainbow study region in general. It is composed of regions of open
desert pavement interspersed among sparsely vegetated wash regions which
is a characteristic common to the truth scenes. The central region of desert
pavement within the SIG scene does more closely approximate the region
referred to as the football field in theWestern Rainbow study, but even here,
no attempt was made to duplicate the exact nature of the scene. Obvious
differences in size, shape and orientation of the field, as well as in the
assemblage of objects placed on the field, are noticeable.
In addition to the lack of a one-to-one comparison between the truth
and SIG scenes, three different sensors were employed during theWestern
Rainbow study period. In order to attempt to adequately represent this
scenario, a single SIG scene will be run multiple times in order to sample the
various conditions of the study. Table 3.2 provides a list of the SIG
simulations. The times and altitudes were chosen to both correspond to
particular truth scenes and provide a broad array of times, altitudes and
sensor combinations.
Table 3.2. SIG Simulations
Sensor Date & Time Altitude
DAEDALUS 10-20-95 1130 1000'
DAEDALUS 10-21-95 0630 1000'
DAEDALUS 10-21-95 1115 1000'
DAEDALUS 10-22-95 0930 500'
HYDICE 10-21-95 1205 10220'
SEBASS 10-20-95 0615 2500'
SEBASS 10-20-95 1030 2500'
Still, since absolute comparisons with any particular truth scene will
not be possible, methods to characterize relative differences between the two
are necessary. Towards this end, rank order correlation (ROC) and spectral
comparisons will be employed. Both techniques will be reviewed briefly in the
following sections.
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3.3.1 Rank Order Correlation
Rank order correlation is the metric that will be used to evaluate the
relative contrast of objects in a synthetic image as compared to the relative
contrast of similar objects in the truth image. The comparison between the
truth and synthetic images must be made at the same time of day since the
thermal properties of objects will vary with time. The relative contrast of
similar objects in the two scenes will then provide a measure of the model's
ability at producing synthetic scenes that are appropriate for visual and/or
machine-based analysis.
Each object that has been selected for comparison is assigned a ranking
based on their relative brightness in the scene. The rankings of the objects in
the synthetic scene are then compared to those of the truth image. Differences
in ranking between the two images are indicative of a problem in the
synthetic image. A contrast reversal between the synthetic and truth has
occurred which is a reflection of the fidelity of the SIG model (Mason, et al.,
1994).
An overall ROC coefficient can be assigned to the synthetic image
based on the rank order relationships between the synthetic and truth
images. The correlation statistic varies from 1 to 1 and is defined in equation
3.7. The statistic is interpreted in the same manner as conventional
correlation coefficients with a coefficient of 1 signifying perfect correlation.
= 1
6Xw-*;)
3 (3.7)
n -n
where p Correlation Coefficient for Image Pair
Ri Rank in the Truth Image for the ith Object
R'i Rank in the Synthetic Image for the ith Object
n Number of Samples
The ROC metric will be utilized to rank objects in all of the
DAEDALUS bands, but only a limited band set will be sampled with the four
hyperspectral simulations. These band sets will be selected in a manner that
provides adequate sampling across the entire bandwidth of the sensor and
will also include any bands of special interest. The latter will be identified
from the spectral character of the truth data and will include bands where
prominent spectral features from one or more of the scene materials are
evident.
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In addition to utilizing ROC to rank the relative contrast of various
objects in the two scenes, it will also be used to rank the bands on both sides
of a spectral feature of interest within the four hyperspectral simulations.
Features of interest will again be identified from either laboratory emissivity
data where it exists, or from field radiometry data that was collected as part
of theWestern Rainbow study. The latter will necessarily be processed via an
emissivity extraction technique to facilitate feature identification.
3.3.2 Spectral Comparisons
A second method of comparison, employed with the hyperspectral
simulations, will look at the spectral signatures ofmaterials in the synthetic
image with like materials in the truth images. The comparison will provide
some measure of how well DIRSIG is able to simulate the particular
hyperspectral sensor. As with the ROC metric, comparisons between objects
within the truth and synthetic images must be made at the same time of day
since the thermal properties of objects will vary with time.
HYDICE simulations will only afford the possibility of general spectral
comparisons, while the SEBASS simulations, because of their LWIR
bandpass, allow the use of emissivity and temperature extraction techniques.
The same objects employed in the rank order comparisons will be examined
here. Their emissivities will be compared to the truth data, both the JHU
laboratory data as well as the BOMEM field data where applicable.
Temperature extraction will also afford comparisons between the simulated
desert pavement and wash region temperatures with surface temperatures
collected throughout the study period.
Mason et al. (1994), and later Kraska (1996) point out the importance
of accurate input data on the overall performance of the model. Individual
meteorological and material parameters were isolated to determine their
relative error contributions on the overall performance of the model. While the
relative importance of these parameters may change from one scenario to the
next, their overall impact on the accuracy of the model cannot be underscored
enough. The SIG image can only be as good as are the inputs to the process.
For the proposed validation a plethora of ground truth and meteorological
data is available, and it is the hope of this author that the proper
implementation of this data will result in a SIG scene that closely
approximates the truth.
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3.4 Imaging Spectrometry
Multispectral images in many narrow, contiguous spectral bands are
acquired by imaging spectrometers. Due to their spectral resolution, these
systems allow for the construction of an essentially continuous reflectance
spectra for each pixel in the scene over the bandwidth of the instrument. The
airborne counterpart to the laboratory instrument- the hyperspectral sensor
provides a new tool for the classification ofmaterials in a scene. The
possibility now exists to discriminate between earth surface features, ground
targets and background materials based on their characteristically distinct
reflectance spectra. The concept is illustrated in figure 3.11.
Each pixel has
an associated,
continuous spectrum
that can be used to
identify the surface
materials
Images taken
simultaneously (e.g. ,
in 200 or more spectral bands)
inherently registered 2.5
Wavelength, um
Figure 3.11 Airborne Imaging Spectrometry (Lillesand & Kiefer, 1994)
In more conventional multispectral scanners with broad bandwidths,
this degree of discrimination is not possible. Spectral features associated
with typical terrestrial materials are often as narrow as 20 to 40 nanometers
(Salisbury, 1993). The degree of spectral resolution necessary for the
identification of these narrow diagnostic absorption and reflection
characteristics is lost in the integrated response of the conventional
multispectral scanner's bandwidth.
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Hyperspectral sensors are designed to exploit particular regions of the
electromagnetic spectrum (figure 3.12), from the visible through the longwave
infrared (LWIR). The observed spectra of sensors operating in the visible, near
infrared (NIR), and shortwave infrared (SWIR) regions are dominated by
reflected solar radiation while the spectra of sensors operating in the LWIR
region are dominated by self-emitted thermal radiation. The midwave
uv VIS NIR SWIR MWIR
0.4 0.7 1.1
Wavelength (um)
3.0
\
5.0
LWIR
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Microwave
Radar
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KEY
UV - Ultraviolet VIS -Visible
NIR - New Infrared SWIR - Shortwave Infrared
MWIR - Midwave Infrared LWIR - Longwave Infrared
Figure 3.12. Nomenclature for various regions of the electro-magnetic spectrum.
(modified from Schott, 1997)
infrared (MWIR), region, which encompasses the 3.0 to 5.0 |im window,
presents a more complicated picture. Here, both thermal self-emitted and
reflected solar radiation play a role in the observed spectra during daylight
hours. At night, however, when the reflected solar component is reduced, the
observed spectra is dominated by thermal self-emitted radiation. For the
portion of this study investigating DIRSIG's potential as an imaging
spectroscopy tool, the visible through SWIR, from 0.4 to 2.5 (im, and the LWIR
portion of the spectrum from 8 to 14 urn will be considered. The primary focus,
however, will be on infrared imaging spectroscopy in the 8 to 14 |im window,
where emissivity extraction techniques can be employed.
Spectral features, which are characteristic of the absorption and
reflection properties of the material, combine to form the unique spectral
signatures associated with a particular material. These features are
indicative of how a particular material reacts to incident radiation and this is
a function of the material's chemical composition, its particle size and the
wavelength of the incident radiation. That portion of the incident radiation
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absorbed by a material may cause electronic, vibrational and rotational
transitions within the atoms and molecules of the material. It is these
transitions at the atomic and molecular levels that account for the spectral
features observed by an imaging spectrometer at the wavelength of the
incident radiation. Together they combine to form the unique spectral
signatures that may be utilized for material identification.
Generally, features observed in the visible, NIR and SWIR regions are a
product of electronic energy transitions, while features observed in the 2.5 to
14 \im region result from vibrational energy transitions. Again, the focus of
this portion of the study will be on the 8 to 14 |im window where vibrational
transitions predominate. The remainder of this section will examine different
strategies for the separation of temperature and emissivity within this region
of the spectrum.
3.4.1 Temperature and Emissivity Separation
The spectral radiance of the earth's surface, at terrestrial
temperatures, is at a maximum at approximately 10 to 11 |im making the 8
to 14 [im atmospheric window an opportune one for infrared spectroscopic
remote sensing (Kahle et al.,1993). A second window at the three to five
micron region offers the possibility for further study, but infrared spectroscopy
is complicated in this region by the overlap of solar reflected and thermally
emitted radiation during daylight hours. Therefore, the majority of infrared
spectroscopic remote sensing to date has been geared toward the 8 to 14 p.m
window.
Radiance emitted by a material in the 8 to 14 |Ltm region is a function
of both its kinetic temperature, and spectral emissivity. However, remotely
sensed radiance reaching the sensor in this window is also modified by both
thermal downwelled and upwelled radiance. Using the naming conventions
described in section 3.1, the radiance reaching the sensor in the 8 to 14 |im
window can be characterized by
Lx = {e(X)Lr, + F(EdEJ*r(X)/7t + (l-F)*(UJ*r(X)}
*
x2(X) + UeX (3.8)
Therefore, one must first remove the effects of the atmosphere in order to
isolate the self-emitted term.
For most natural surfaces, the contribution of radiance reaching the
sensor from background photons incident upon the target is negligible (Schott,
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1996). In these scenarios the background and shape factor terms may be
eliminated from the equation. However, this condition may not be valid if the
background includes hot man-made objects. Their effect on adjacent objects
would be an increase in effective radiance reaching the sensor resulting in a
greater apparent reflectance for the particular target material and
consequently a lower emittance. If the magnitude of the emittance spectra is
necessary for proper material identification, this type of scenario may lead to
erroneous classifications. It should be noted that DIRSIG does account for
background affects in its calculation and therefore the appropriate terms are
included in equation 3.8.
As mentioned above, variations in a material's emissivity spectra
relate to its chemical composition and its surface texture (Hook, et al., 1992).
Using Kirchhoffs law (equation 3.12), the spectral emissivity of an opaque
material can be calculated from its reflectance spectra.
e = l-/. (3.9)
where e Emissivity
R Reflectance
The effects of temperature on the spectra is to mask the subtle
variations in emissivity resulting in a loss or smoothing of the diagnostic
spectral features necessary for material identification. If the intent is to
identify materials based on their diagnostic absorption and reflectance
characteristics, then, after the atmospheric effects have been accounted for,
one can proceed to back out the effects of temperature on these spectra. With
a single measurement, however, the solution for temperature and emissivity
is underdetermined. Therefore, various assumptions must be made in order to
isolate the emissivity term. The remainder of this section will be devoted to
reviewing the different strategies for this isolation.
3.4.1.1 Decorrelation Contrast Stretching
Decorrelation contrast stretching is an enhancement process rather
than a separation technique and as such will only be briefly mentioned here.
The procedure visually enhances color information in a thermal infrared (TIR),
scene, through a principal component (PC) transformation, without explicitly
calculating emissivities and temperatures. Spectral contrast, which is a
function of the emissivity information in the scene, is
'stretched'
while leaving
the brightness range, which is a function of the temperature, virtually
unchanged (Gillespie, 1992). While the technique has been useful for
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processing images from NASA's six-channel thermal infrared multispectral
scanner (TIMS), it will be of only limited use to TIR hyperspectral scanners
with their 100-plus channels of spectral information. The procedure is only
capable of displaying, and therefore analyzing, the compositional information
of three channels at a time. However, with hyperspectral sensors
decorrelation contrast stretching may still be utilized on a triplet of channels
to provide enhanced color scenes as a form of visual preprocessing.
3.4.1.2 Two-Temperature Method
Watson (1992) has demonstrated a technique for uniquely determining
the emissivity of an object from radiance measurements if it can be observed
at two different temperatures. These temperatures are obtained by observing
the scene at two different times, but the time interval must be great enough
to provide for a distinct temperature difference. This may be accomplished by
observing the scene at two times in a diurnal cycle, or perhaps, at different
seasons of the year.
The procedure for determining the two temperatures and subsequently
the emissivity is outlined in equations 3.10 through 3.12.
Ly ~ t^wn. (3.10)
where
Ly- Effective Radiance in band i at time j where i - 1 to N
& Emissivity in band i
"bblT, Blackbody Radiance in band i for Temperature T at time j
The blackbody radiance at temperature Tj is found through the Planck
equation.
'-'bbxr, ~
C,A. k
-5-.-1
expA-1
A,Ij
(3.11)
where Ci First Radiation Constant = 3.74 x IO"16 [Wm2]
C_ Second Radiation Constant = 0.0144 [mK]
Ai CenterWavelength of band i
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By ratioing the radiance at the two acquisition times and assuming that
emissivity is temporally invariant, the temperatures can be solved for. When
N is equal to two, Ti and T_ can be solved for exactly, but at N greater than
two Watson (1992) suggests a form of successive-approximation by setting
bounds on the temperature using an arbitrary minimum estimate for
emissivity. Once Ti and T_ have been found LxbbT can be calculated and the
emissivity can be backed out of equation 3.12.
(3.12)
As mentioned above, this procedure assumes that emissivity is
temporally invariant. Watson (1992) points out that this may be valid for
rocks and dry soils, but has not yet been established for vegetation, and is
certainly not true when changes in ground moisture or surface materials
(deciduous litter, or snow cover for example), has occurred between
measurements. The latter may seem to preclude the use of different seasonal
measurements, but if the intended target is man-made, its emissivity may
well be temporally invariant regardless of seasonal differences in surface
materials. This latter argument assumes pixel purity, i.e., that the sensor's
ground instantaneous field of view is sufficient to provide pure pixels of the
intended target. If this is not the case, then the seasonal differences in surface
materials background will influence the spectra obtained and a form of
unmixing will be necessary prior to diagnostic spectral analysis.
An obvious limiting factor to the usefulness of the two temperature
technique is that the two different acquisitions must be coregistered. While
this may be possible for a space-based platform where the sensor-to-target
distance is relatively constant over time, it is a much more difficult task for
aircraft acquired data. The problem with aircraft acquired data may be
further complicated if the target site is in mountainous terrain. Any
misregistration at the pixel level will introduce high frequency noise in the
output image (Watson, 1992).
A second limiting factor is the procedure's sensitivity to sensor signal-
to-noise ratio (SNR). Using TIMS data, with a nominal SNR of 500:1,
temperature accuracies of approximately 7.5 K were achieved which
translated to an emissivity accuracy of only 12 percent (Watson, 1992). For
the purpose of this study, at this level of accuracy it seems unlikely that the
procedure will be capable of detecting the subtle compositional changes that
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are manifested as narrow diagnostic absorption and reflection characteristics
in a material's spectral signature. However, when combined with the spectral
ratio method, which computes the spectral ratios of adjacent channels, the
SNR constraint of the two temperature method is mitigated (Watson, 1992).
Indeed, Watson (1992), reports that emissivity ratio accuracies of greater
than one percent are possible at 0.5 [im bandwidths and further
improvements are possible at narrower bandwidths. At these bandwidths the
possibility may exist for generating very accurate emissivity ratios by
utilizing the procedure with hyperspectral data. A stumbling block though,
may be determining the best bands for the technique. With 100-plus bands of
hyperspectral data, this will be no small task.
Regardless of the sensor data utilized for the emissivity ratio
technique, the spectral information obtained will be restricted to ratios.
While the latter may be satisfactory for detecting spectral emissivity
variations, it precludes spectral analysis based on the entire spectrum. Still,
the procedure may be used as a diagnostic tool if a spectral ratio library of
comparison curves exists. The library may be generated by convolving
laboratory spectra with a particular sensor response function and then
converted to ratios, but a separate library of comparison curves will be
required for each sensor. As a reminder, it should also be noted, that with the
ratio method, one must still assume invariant emissivity between the two
acquisitions and assure proper registration.
3.4.1.3 Curve Fitting
The curve fitting procedure involves fitting the target's measured
radiance curve to Planck's blackbody radiation curve. It is an iterative process
where the Planck radiation curve is generated using the highest possible
temperature that will keep the target's emissivity from exceeding unity. The
process is initiated by choosing a pair of temperatures that are sure to bound
the target temperature. Planck's radiation curve is generated using the
midpoint of these two bounding temperatures and is compared to the target
curve. The midpoint temperature utilized above is then used to replace either
the high or low temperature bound; a new midpoint temperature is
determined; and the process is repeated until the high and low bounds are
within 0.05 K of each other (Kahle and Alley, 1992). Target emissivity values
are then calculated by dividing the wavelength dependent measured radiance
values by those of the blackbody radiation curve. The concept is illustrated in
figure 3.13.
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The procedure benefits from the fact that the emissivity ofmost
terrestrial surface materials approaches one within the 8 to 14 ]im window
(Kahle and Alley, 1992, Korb, et al., 1996). However, as Korb et al. (1996)
point out, carbonates and many man-made materials do not follow this
assumption. The procedure is also not reliable in the MWIR region where the
unity emissivity assumption is generally not valid (Salisbury and D'Aria,
1994).
Quartz Sand
BlackEodyM37.23
Degrees Celsius
9 10 11 12
Wavelength, um
9 10 11 12
Wavelength, um
Figure 3.13. a) Measured Spectral Radiance of a Quartz Sample Fitted to the
Planck Blackbody Function b) Plot of the Emittance of a Quartz Sample
Produced by Dividing the Measured Radiance by the Blackbody Fit Values
(modified from Kahle and Alley, 1992)
According to Kahle and Alley (1992), the curve fitting procedure is most
successful when the acquisition data is gathered over a wide wavelength
range; is composed ofmany narrow bandpasses; has been attenuated by a
minimal amount of atmosphere; and displays a minimal amount of random
noise. Consequently, the procedure is most often used with laboratory and
field spectrometer data. In both cases the atmospheric path is at a minimum
and presumably any atmospheric effects on the radiance reaching the sensor
are also at a minimum. Therefore, it appears that the procedure is utilized
without first correcting for any atmospheric effects. However, this does not
seem to preclude utilizing the procedure on airborne acquired data that has
had the effects of the atmosphere removed if the data is not particularly noisy
and if the material abides by the unit emissivity assumption discussed
above. The latter will hamper the curve fitting procedure as the emissivity
values will exceed unity prior to a best fit - as defined above by the upper and
lower temperature bounds within 0.05 K. One might also try eliminating the
noisy region of the data prior to processing, i.e., if the 13 to 14 \xm region is
suspect, only process the 8 to 13 (im region.
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3.4. 1.4 Channel 6 Emittance Model
The channel 6 emittance model has been used extensively with TIMS
data for geological studies. It assumes the emittance in one channel typically
channel 6 (channel center at approximately 11.625 fim) is constant for all
points in the scene within the wavelength region of the specified band. Once
emissivity is known for a given channel you can use equation 3.10 to solve for
temperature (equation 3.13). This temperature is then used to calculate the
radiance produced by a blackbody in the wavelength regions of the remaining
channels. Finally, these values are coupled with the radiance reaching the
sensor in their respective bands to solve for emissivity via equation 3.10.
T = % (3.13)
An\n(n /r 15+D
/ n n
where Ln Radiance Reaching the Sensor in Channel n
An Center Wavelength in Channel n
As mentioned above, the procedure is often utilized in geological
applications where the emissivity among the target materials are better
understood. However, as Salisbury and D'Aria (1992) point out, the
assumption of constant emisssivity within a particular band may not be
valid, even for similar materials. For example, they noted that average
reflectance among four different igneous rock types varied from 5.8% to 14.5%
within TIMS band 6, which corresponds to an average emissivity of 0.942 to
0.855 respectively (Salisbury and D'Aria, 1992). As Kahle and Alley (1992)
point out, an error of 0.01 in assumed emittance will produce an error of
approximately 1 K in the calculated temperature.
If the goal is to remove the effects of temperature in order to reveal the
subtle variations in emissivity that may be necessary for proper identification
ofmaterials, then errors in assumed emittance, no matter how small, will be
detrimental to this effort. On the other hand, Kahle and Alley (1992) point out
that while the overall level of the spectra changes as a function of the
assumed emittance, the shape of the curves is only modestly affected. Figure
3.14 illustrates this phenomena at four different assumed channel six
emittances. At the spectral resolutions available with hyperspectral scanners
you will certainly capture more of the subtle variations in the material's
emissivity. However, if the absolute magnitude of particular absorption
features are necessary for proper material identification, any error introduced
through an assumed emittance model will alter these values limiting the
utility of the procedure.
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Perhaps, because of the spectral resolution afforded with hyperspectral
sensors, the assumption of constant emissivity across one channel may be
more valid for a particular class ofmaterials than is currently the case with
the relatively broad TIMS bands. Verifying this assumption and identifying
which of the many channels is best suited for this purpose is only going to
become possible however, as a more thorough data base of terrestrial and
man-made spectral emissivities becomes available.
Z 0.7
0.41
7.5
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.95Assumption
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Figure 3.14. Laboratory quartzite spectrum modified
to show the values that would be measured by TIMS and
plotted for assumed emittance values in TIMS channel 6
of 0.8, 0.9, 0.95 and 1.0. (Kahle and Alley, 1992)
3.4.1.5 Thermal Log Residuals
The thermal log residual technique proposed by Hook et al., (1992),
utilizes Wien's approximation of the Planck blackbody radiation function
(equation 3.14) along with a series of image derived means to calculate a set
of relative emissivities that are temperature independent. At temperatures of
300 K and at a wavelength of 10 |im, an error of up to one percent is
introduced throughWien's approximation (Hook et al., 1992).
L - _!UbbX,T
kA\ exp
(3.14)
where channel
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The process as introduce by Hook et al., (1992) is outlined in equations
3.15 through 3.20. Recall that the self-emitted radiance of a material can be
defined as a function of its emissivity and the radiance of a blackbody at the
same temperature:
Lij = tj Lbbij- (3. 15)
where i pixel
j channel
Taking the natural logs of equation 3.15, and usingWien's approximation to
Planck's blackbody function, we have
ln Uj = ln ij + ln Ci 5*ln Aj - In tz-C2 /AjT. (3.16)
where Xj central wavelength for channel j
Ti temperature for pixel i
The temperature and wavelength terms are separated by multiplying
equation 3.19 by Aj.
Aj In Uj = Aj ln $,- + Aj ln Ci 5Aj ln Aj Aj \\\n-C2/Ti (3.17)
This equation is then manipulated with pixel means (averaged over all
channels), channel means (average of all pixels in one channel) and image
means (average over all pixels and channels) in order to obtain the thermal
log residual value. During the process the temperature term is factored out
leaving only emissivity terms in the thermal log residual. The process is
achieved using equation 3.21.
lij Xij Xio Xoj + Aoo (3.18)
where Yij thermal log residual value
Xij = wavelength weighted log of the Wien radiance at pixel
i in channel j.
= Aj ln ij + Aj ln Ci 5Aj ln Aj Aj ln n - C_ /Ti
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Xi0 = mean over all channels for pixel i (one value per pixel)
InC, m \ \w%- C,
mj=i
Yilne +___1VA -^Y A, InA, --Yl-^
;"=i
i
~ 7]
Xoj = mean over all pixels in the scene for channel j (m values
per image)
= ^Y Inc., + A, ln C, - 5A, ln A,. - A, ln7i - ^Y
Xoo = mean over all pixels in all channels (one value per image)
1 n m 1 f m 1 m
mn
l=l 7=1 m ;=i AM 7 = 1
ln;r^ . ^ 1
_LAy 2.^7=? "T^t;
m number of channels
n number of pixels in the image
Combining terms, the thermal log residual value is equal to
1 m 7 n i m n
Yu=Ajlnij--JjAJlnij--^^ln,j+-LjjJjAJlniJ
m
7=1 **]=, 1=1
(3.19)
Letting lj Aj I Ao, where Ao is the mean of all the channel center wavelengths,
and setting etj -
ieA'
, the thermal log residual can be defined as
X:
A
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The thermal log residual, then, is a set of emissivities that are relative to the
mean emissivity and are temperature independent (Kahle et al., 1993). In
order to utilize the procedure for material identification, laboratory spectra
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must first be converted to thermal log residual spectra. This is accomplished
by utilizing the channel means, Xoj, and image mean, Xoo, from the image data.
Doing so, however, requires that the laboratory spectra be converted for each
new image, i.e., the processed data are scene dependent.
3.4.1.6 Alpha Residuals
The alpha residual procedure also proposed by Hook et al., (1992),
involves an approach similar to that of the thermal log residuals. Again, the
method attempts to remove temperature effects from the emissivity spectra,
by generating relative emissivity values that are proportional, though not
necessarily equal to emissivity (Schott, class notes, 1996). As with the
previous technique, the alpha residual procedure attempts to remove the
temperature effects by utilizing the pixel mean (Hook et al., 1992). As a
result, noise present in one channel does not tend to propagate into the other
channels(Hook et al., 1992). Unlike the thermal log residual procedure,
processed data from alpha residuals are scene independent, making it
potentially, a much more promising technique.
It too utilizes Wien's approximation of the Planck blackbody radiation
function (equation 3.17), and wavelength weighted logarithms are formed
(equations 3.19 and 3.20). However, instead ofmanipulating these
wavelength weighted logarithms with three image derived means, only Xij, the
wavelength weighted log pixel mean is utilized. The process is streamlined
where
aij = Xlj-Xi0. (3.21)
Combining terms the alpha residual value is equal to
1 m
a, = A, lne, Xh lne + Kj (3-22)
m
7=1
where Kj - wavelength dependent constant term which is known for
each channel
m 1 m
= [Aj - Ajln C, - 5Aj ln Ay. + _ A. InA, - (Ay - A0)lnn
m
7=1
Although the alpha residual spectra tend to exhibit the same general
features as the original laboratory emissivity spectra, the latter should be
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converted to alpha residuals for a more precise comparison (Hook, et al.,
1992). Figure 3.15 compares the original laboratory emissivity spectra with
the same data that has been converted to alpha residuals and with
atmospherically corrected scene derived alpha residuals for five different
LaboratoryData
0.92
0.92
s
0.76
0.76
LaboratoryData
0.00
8 9 10 11 12
Wavelength (um)
TIMS Data
8 9 10 11 12
Wavelength (um)
8 9 10 11 12
Wavelength (pm)
Figure 3.15. Laboratory emissivity spectra, laboratory emissivity spectra converted to alpha
residuals, and scene derived alpha residuals for five geological surface materials: 1)
kaolinite, 2) silica, 3) alunite, 4) basalt and 5) carbonate. Laboratory emissivity spectra
were derived from reflectance spectra obtained from the Jet Propulsion Laboratory Analect
Fourier Transform Infrared Spectrometer (JPL-FIR), resampled to the TIMS wavelengths,
and converted to emissivity by using Kirchoffs law. The TIMS derived alpha residual
spectra are shown for channels 1, 2 and 3. Note the different spacing on the Y axis for the
two sets of alpha residual data (modified from Hook et al., 1992).
geological surface materials. While the general shapes of the curves from the
three different spectra are similar, the depth of the features between the two
alpha residual spectra vary significantly. As Hook, et al., (1992) point out, the
laboratory spectra were derived from biconical reflectance measurements, and
as such cannot be used for quantitative emissivity analysis because the back-
scattered radiation component is not measured (Salisbury and D'Aria, 1992).
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Whether or not this would account for the differences in the depth of the
features between the two alpha residual spectra is not known, but generally,
it would seem that a directional hemispherical reflectance measurement
would indicate a stronger reflectance than a biconical measurement. Indeed,
as Salisbury (1993), points out for one diffusely reflecting particulate sample,
a biconical reflectance measurement appeared approximately four to five
times lower at 2.5 |im than a similar directional hemispherical reflectance
measurement (Salisbury, 1993). Applying Kirchhoffs law, we know that a
higher reflectance indicates a lower emissivity and consequently the
absorption features characterized in the laboratory emissivity spectra would
be even more pronounced for directional hemispherical reflectance
measurements. This would seem to push the two alpha residual spectra even
further apart rather than closer together. Perhaps the difference in the two
alpha residual spectra can be attributed to the use of scene derived pixel
means. It may be that in utilizing the latter, the integrity of individual
absorption features is lessened. Clearly, a better understanding of the
procedure is required to determine whether the relative emissivities produced
by the technique will preserve the quantitative detail necessary for material
identification.
3.4.1.7 Summary of Temperature and Emissivity Separation Techniques
While the temperature and emissivity separation techniques reviewed
above have all been shown to provide some measure of success under various
conditions, they have not yet been applied to remotely sensed thermal
infrared hyperspectral data. That is not to suggest that there is a problem
with the techniques, but rather a lack of hyperspectral data in the 8 to 14 |im
spectral region from which to work. Indeed, as mentioned above, Watson
(1992), indicates that the accuracy of two temperature ratio technique would
improve with narrower bandwidths. The accuracy of the curve fitting
technique is also enhanced with narrow bandwidths. And finally, with the
many channels of a hyperspectral sensor, an assumed emittance in one
narrow band would seem to be more accurate than the same assumption for a
broad band. As thermal infrared hyperspectral data sets become available,
these assumptions of improved accuracy are sure to be tested.
The two temperature technique, which assumes invariant emissivity,
requires the use of two coregistered images and it has not achieved the degree
of accuracy that would seem necessary for material identification. When
emissivity ratios were generated from adjacent channels, the accuracy was
improved, but the latter precludes spectral analysis based on the entire
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spectrum. The curve fitting procedure is generally utilized with laboratory
and field spectrometer data due to their high degree of spectral resolution. It
may also prove useful with hyperspectral data for the same reason. The
channel 6 emittance model assumes a constant emissivity for all points in the
scene across one channel. While this may not be a valid assumption for a
heterogeneous scene, it would seem that in situations where it has worked
well (geological studies) in the past, it would work even better if the bandpass
of constant emissivity is minimized. The thermal log residual and alpha
residual techniques both produce relative emissivities which require that
laboratory data be converted for comparison with scene derived residual
values. The laboratory converted thermal log residuals are scene dependent,
requiring a new library of comparison data to be generated for each scene.
Alpha residuals, on the other hand, are scene-independent making it a
potentially more useful procedure.
For the purpose of this study, the Planck curve fitting procedure will be
utilized at both the front and tail ends, i.e., to extract spectral emissivities
from the ground truth radiance data for use as inputs to DIRSIG, as well as
from the spectral radiance data generated by DIRSIG. It will also be utilized
to generate spectral emissivities from the SEBASS data.
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4.0 Experimental
This section begins with a description of theWestern Rainbow study
site on which the synthetic image is based, as well as a description of the
support materials that were gathered throughout the study period. Next will
be a description of the approach that was followed through the synthetic
image creation process. A description of the validation procedure is also
provided., and finally, the procedure for evaluating DIRSIG's potential for
thermal infrared imaging spectroscopy is described.
4.1 Western Rainbow Study
The Western Rainbow study was conducted from October 18 24, 1995
at the United States Army Yuma Proving Ground in Yuma, Arizona. Its
primary purpose was to measure the spectral signatures of various vehicles
and backgrounds under differing conditions of camouflage, concealment and
lighting. Towards this end a plethora of ground field measurements, airborne
collections and laboratory measurements were made. The following sections
will provide a brief description of the study sites that were used as models for
the creation of the synthetic scene as well as descriptions of the various types
ofmeasurements made during the study.
4. 1. 1 Western Rainbow Study Sites
Three collection sites within the study area were chosen as templates
from which to base the synthetic scene. The synthetic scene does not attempt
to duplicate any specific regions within the three sites, but rather strives to
incorporate characteristics from all three into one generic scene. A brief
summary of the three study sites follows.
4.1.1.1 Malapai
The Malapai site was comprised of a large, open, desert pavement
surface composed of small pebbles coated with a desert varnish. Flanking the
site were two washes which consisted of bare sand and a sparse mixture of
green and senescent vegetation. A variety of targets consisting of tanks and
other military vehicles, camouflage materials, and test panels were placed on
the open desert pavement surface. This unencumbered view of the targets
provided an opportunity for 'best case
scenario'
measurements. Figure 4.1
provides a view of the upper portion of the Malapai site. It is a gray scale
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image from the LWIR channel of the Daedalus multispectral sensor (MSS).
The view illustrates the openness of the site with the various targets
arranged in full view on the desert pavement. It also provides a view of the
wash areas flanking the desert pavement. Figure 4.3 provides a view of the
lower portion of the site with a large camouflage net deployed in the
foreground while various military vehicles including a Scud surrogate are
arranged in the background. A general list of the targets within the Malapai
study site, many ofwhich could be seen in the preceding figures, is presented
in table 4.1.
Table 4.1. Malapai Target Descriptions
T-72 2S3 Howitzer
T-72 With DOD Desert LCSS
camouflage net
T-72 With Miliken Desert Tarp
Camouflage
M Series 5000 Gallon Tankers Scud C Surrogate
LAV Desert Camouflage LAV Green
Calibration Panels Water Filled Calibration Pool
Apache Helicopter Decoy OH-58 Helicopter Decoy
PRC Camouflage Net DOD LCSS Arctic White Net
Prototype Fox Hole Camouflage Bomb Crater Decoy
US Panel of colors Soviet Panel of Colors
Desert Pavement DesertWash
.4;.;;
j|yy
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Figure 4.2. Lower Malapai Site.
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Figure 4.3. JCCD Site. Gray scale channel
12 image from Daedalus MSS showing
wash area with two decoys visible in the
scene.
Figure 4.1. Malapai Site. Gray Scale
Channel 12 Image from Daedalus MSS
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4.1.1.2 Arroyo
The Arroyo site was comprised of smaller regions of desert pavement
interspersed among sparsely vegetated wash areas. Six targets were placed
within the site, all ofwhich employed some degree of camouflage treatment.
Table 4.2 provides a description of the vehicular targets within the study site
while figures 4.4 and 4.5 provide views, from two different perspectives, of the
camouflage treatment employed on TBM_1.
Table 4.2. Arroyo Target Descriptions (Modified from Collins, 1996)
Target Additional Description
T-80 Surrogate AF Woodland ULCAN Camouflage Netting
T-80 Surrogate WSMR Just-In-Time Netting
T-72 Partial Defilade, Israeli ULCAN Netting
Personal Carrier Partial Defilade, SSDC Space Frame
TBM_1 Canvas, LCSS Tri-Color Desert Camouflage Netting
TBM_2 Woodland Eglin ULCAN Netting
Figure 4.4. Ground View of TBM_1 at the Arroyo Site
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Figure 4.5. Aerial View ofTBM_1 at Arroyo Site
4.1.1.3 JCCD
The Joint Camouflage Concealment and Deception (JCCD) site was
similar to the Arroyo site in that it was also comprised of smaller desert
pavement regions interspersed between several sparsely vegetated wash
areas. Three target lines were established in three wash areas within the site.
Two of the target lines consisted of decoys with varying levels of camouflage
and concealment. The third target line consisted of camouflaged military
vehicles. Figure 4.3, which is a gray scale image of the Daedalus MSS LWIR
channel, provides an aerial view of portion of a decoy line. It also illustrates
the sparseness of the vegetation within the wash as well as the contrast
between the desert pavement and the subsoil where vehicular tracks have
broken through the surface. Notice that here the desert pavement appears
brighter than the underlying soil, while in figure 4.2, which is a gray scale
image from conventional 35 millimeter color film, the desert pavement
appears darker. Figures 4.6 and 4.7 are from the third target line. The first
image is of a T-72 in a defilade before camouflage treatment, while the second
shows an aerial view of the same tank after being covered with desert
camouflage netting. A description of the vehicular targets and decoys within
the study sites is provide in table 4.3.
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Figure 4.6. JCCD Site. T-72 in full defilade before camouflage
treatment.
Figure 4.7. JCCD Site. T-72 in full defilade with desert
camouflage netting.
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Table 4.3. JCCD Target Descriptions (Modified from Collins, 1996)
Target Additional Description
AluminumMatting Tank Decoy No Camouflage
Sheet Metal Tank Decoy Partially Covered with LCSS Desert
Camouflage Netting
AluminumMatting Tank Decoy Covered with AFCENT Camouflage
Netting
T-72 Mural LCSS Woodland Camouflage Netting
Placed Beside Mural with Heated
Thermal Reflector
Turret Mural LCSS Woodland Camouflage Netting and
Fresh Cut Vegetation
Howitzer Sled Decoy Covered with AF ULCAN Desert
Camouflage Netting ,
Propane Heaters
Howitzer Sled Decoy Covered with LCSS Woodland Netting
Scrap Metal Tank Decoy Covered withWest GermanWoodland
Netting, Propane Heaters
Tank Mural East German Camouflage Netting Place
in Front ofMural
2S3 Mobile Howitzer Camouflaged with Freshly Cut & Dead
Vegetation
T-72 Camouflaged with Live & Dead
Vegetation & Dirt
T-72 Full Defilade, Covered with Sandbags &
LCSS Desert Camouflage Netting
T-72 Camouflaged with Dead Vegetation &
Soil
T-72 Partial Defilade, Covered with UK
Desert Netting & Thermal Blanket
4.1.2 Ground Field Measurements
An extensive data set of background material, camouflage material
and vehicular target spectra were collected during theWestern Rainbow
study. Table 4.4 lists the field spectrometers used in the study along with
their spectral range and resolution. Measurements in the visible through
SWIR region of the spectrum were made with the IRIS-SFOV
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Table 4.4. Western Rainbow Field Spectrometers
Instrument Spectral Range [|im] Spectral Resolution
IRIS-SFOV 0.35 2.50 5.0 nm
(i-FTIR 3.0 -5.5 & 8.0 -14.0 6.0 cnr1
Bomem MB- 100 FTS 2.0 15.0 1 128 cm1
spectroradiometer provided by the US Army Topographic Engineering Center
(TEC). Reflectance spectra characterizing various types of vegetation,
backgrounds and soil conditions within the various study sites as well as
distinctly painted vehicles, and camouflage nets were generated.
Spectral data within the MWIR and LWIR regions were made by teams
from John Hopkins University (JHU) and the Environmental Institute of
Michigan (ERIM) with a micro fourier transform infrared (|i-FTIR)
spectroradiometer and a dual-channel Bomem MB- 100 Fourier Transform
Spectrometer (FTS) system respectively. Both teams measured backgrounds,
camouflaged and uncamouflaged targets both decoys and military vehicles
within the study sites.
The Bomem FTS system was operated from a scissors lift platform
approximately 16 meters above ground level at the Malapai and JCCD sites
(Eismann and Schwartz, 1996). The system, which spatially samples a scene
over a 1 to 30 minute time frame, collected spatial sequences of calibrated
(both radiometrically and temporally), radiance spectra within the sensor
field of view (Eismann and Schwartz, 1996). A single spatial sequence of data
from a sample of desert pavement, for example, contains 36 separate scans.
These multiple scans, from each measurement sequence, were averaged by
the author and utilized to determine the sample material's emissivity via the
curve fitting method outlined in section 3.4.1.3.
The JHU system is a portable, hand-held, battery-powered unit.
Measurements of the target and background materials were made from
approximately one meter at all three study sites. With measurement
distances of one meter or less, atmospheric attenuation of the measured
radiance is minimized and the sample radiance is assumed to equal the
calibrated sample measurement (Korb, et al., 1996). The JHU teams also
made thermal downwelled radiance (DWR) measurements immediately
before or after the sample measurement by measuring the radiance from a
diffuse, reflective plate crinkled aluminum foil taped onto cardboard placed
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on the sample's surface (Korb, et al., 1996). DWR is then subtracted from the
calibrated sample measurement to arrive at the true sample radiance.
4.1.3 Laboratory Measurements
Directional hemispherical reflectance (DHR) values were measured by
JHU on samples of camouflage from theWestern Rainbow study. Reflectance
spectra covering the 0.4 [im to 15 |im range were generated with two
instruments. The visible through NIR spectra were measured with a Beckman
Model UV 5240 dual-beam, grating spectrophotometer while a Nicolet
System 51 Fourier Transform Infrared Reflectance (FTIR) spectrophotometer
was used to measure reflectance in the 2.08 (im to 15 |im range (Salsibury,
1997). Average spectral responses were obtained from many measurements
as a precaution against the inhomogeneity of camouflage materials
(Salsibury, 1997). Transmisttance spectra were also generated for the non
opaque camouflage materials. These figures may provide an estimate for
what amount of spectral information might be available, from any underlying
target materials, for spectral exploitation.
4.1.4 Weather Measurements
Meteorological data were generated from surface and radiosonde
measurements made throughout the study period. Table 4.5 lists the launch
dates and times for the radiosonde balloons. Balloon data, consisting of
temperature, relative humidity, pressure and altitude, was collected on five
second intervals. Ground surface and sub-surface temperatures, air
temperature, wind speed and direction, and relative humidity were measured
at five minute intervals for the duration of the study. Pyranometer
Table 4.5. Radiosonde Schedule
Date Launch 1 Launch 2
10-19-95 12:11
10-20-95 08:45 11:28
10-21-95 06:20 11:18
10-22-95 08:12
10-23-95 06:53 11:28
10-24-95 09:00 11:59
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measurements for both total and diffuse solar radiation as well as
pyrgeometer measurements were also made at five minute intervals
throughout the study. Notice that on 10-22-95 only one balloon was launched.
High winds were experienced that day, causing low visibility and a suspension
of operations for the day.
4.1.5 Airborne Collections
The sensors employed for the airborne collection segment of the
Western Rainbow study included both multispectral and hyperspectral
devices. Together they covered the visible through the LWIR region of the
electromagnetic spectrum. A list of the sensors, their spectral range and
number of channels is provided in table 4.6.
Table 4.6. Western Rainbow Airborne Sensors
Sensor Spectral Range
[|im]
Number of
Channels
HYDICE 0.4 2.5 210
Daedalus MSS 0.4 14.0 12
SEBASS 7.5 13.5 128
4.1.5.1 Daedalus MSS
The Daedalus MSS has 12 channels: eight in the visible to NIR region
of the electromagnetic spectrum, two in the SWIR, and one each in theMWIR
and LWIR regions. Table 4.7 lists their bandpasses, as configured for the
Table 4.7. Daedalus MSS Bandpasses
Channel Wavelength [u.m] Channel Wavelength [|j,m]
1 0.405 0.455 7 0.700 0.955
2 0.435 0.535 8 0.785 1.070
3 0.500 0.625 9 1.495 1.835
4 0.570 0.650 10 2.011 2.560
5 0.595 0.720 11 2.525 5.575
6 0.645 0.790 12 7.600 14.00
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Western Rainbow study. The sensor made numerous runs over all three study
sites at altitudes of 250, 500 and 1000 feet providing ground instantaneous
field of views (GIFOV) ranging from approximately 1.5 6.0 feet. Calibration
coefficients and offsets are provided for the first ten channels that convert the
raw digital counts into apparent reflectance units. Coefficients and offsets are
also provided for channels 11 and 12 that convert digital counts to apparent
temperatures. Two channel 12, gray-scale images acquired from an altitude of
250 feet, are presented in figures 4.1 and 4.3.
4.1.5.2 HYDICE
The Hyperspectral Digital Imagery Collection Experiment (HYDICE) is
a 210 channel, airborne, pushbroom imaging spectrometer. It was constructed
by Hughes_Danbury Optical Systems, Inc., and is operated by ERIM from a
Convair 580 (CV-580) aircraft (Aldrich, et al., 1996). GIFOV's ranging from
approximately 2.5 to 12.3 feet are possible within the flight envelope of the
CV-580 (Aldrich, et al., 1996).
Radiometric calibration of raw data is achieved through the following
steps. First a set of center wavelengths and a set of gain factors for a specific
data run are generated. The raw digital counts are then converted to scene
radiance values and in the process new values for bad detector elements are
produced through a method of four-neighbor interpolation (Aldrich, et al.,
1996). Currently, absolute radiometric accuracy within 5% is achieved
through the process of steps outline above (Aldrich, et al., 1996).
The calibration process is facilitated by first identifying a desired set of
major frames for the data run, where a major frame is three-dimensional
image cube: 320 x 320 in the spatial direction by 210 in the spectral direction.
A one-channel gray-scale image of each major frame is produced as a quick
reference to determine if further processing is warranted.
Figures 4.8 and 4.9 are gray-scale images of channel 100 (center
wavelength 1.302 |im) from run six over theWestern Rainbow study. A
portion of the lower Malapai study site, delineated with an arrow, is visible in
figure 4.8. Figure 4.9, which is an enlargement of the region, affords a better
view of the calibration panels and vehicles arranged on the desert pavement.
Also visible is the same camouflage deployment that was observed in the
ground truth photograph, figure 4.3, shown earlier.
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Figure 4.9. Enlarged view of figure 4.8
showing the calibration panels, various
vehicles and a camouflage net arranged on
the desert pavement
Figure 4.8. HYDICE image showing a
portion of the lower Malapai study site
delineated with the arrow. The gray-scale
image was generated from channel 100.
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4.1.5.3 SEBASS
The Spatially Enhanced Broadband Array Spectrograph System
(SEBASS) is an infrared imaging spectrograph developed at the Aerospace
Corporation. When fully operational it will function as a 'dual
channel'line
scanner designed to exploit the MWIR and LWIR atmospheric transmission
windows between 2.9 and 5.2 |im and between 7.5 and 13.5 um (Johnson et
al., 1996). During theWestern Rainbow study however, only the LWIR
channel was operational. Its design will allow both channels to view the scene
simultaneously onto separate 128 by 128 element, focal plane arrays. One
dimension produces 128 bands of spectral information while the other
samples spatial information. The MWIR and LWIR channels achieve a
spectral resolution of approximately 0.025 and 0.05 um respectively (Johnson
et al., 1996). GIFOV's of between roughly 1.5 and 10.0 feet are obtainable
from altitudes between 1500 and 10000 feet (Johnson et al., 1996).
Prior to radiometric calibration, SEBASS must undergo a spectral
calibration procedure that maps the center wavelength for each pixel in the
spectral direction. During the entireWestern Rainbow collection there was no
evidence of spectral shift (Johnson et al., 1996). Therefore, unlike the HYDICE
runs, all the Western Rainbow runs utilize the same bandpasses.
The calibration of the raw data as outlined by Johnson et al. (1996) is
initiated with a procedure that corrects the data for an amplifier gain
anomaly discovered during the study period. At the same time a linear
interpolation process is employed to correct for bad pixels. The corrected
digital counts are then converted to radiance values by way of a non-linear
procedure that utilizes a series of coefficients generated through
measurements from on-board blackbodies. Calibrated radiance values are
then adjusted for a small spatial shift in the center wavelength position.
Finally, the last step, which is optional, converts the radiance values into
brightness temperature values.
SEBASS was used outside the laboratory for the first time during the
Western Rainbow study. It was mounted in a Twin Otter aircraft and nine
flights were conducted over the study area accounting for approximately 80
runs over the three study sites. The sensor was flown at an altitude of 2500
feet over the study sites resulting in a GIFOV of 2.5 feet. Figures 4.10 and
4.11 are one band images channel 25 extracted from raw SEBASS data.
They show a portion of the Malapai site with calibration panels visible in the
upper reaches of figure 4.10. Two tankers, five T-72's and the scissors lift are
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also visible. The enlarged portion affords a better view of the five tanks
arranged on the desert pavement as well as the scissors lift. A distinct
shadow of the latter is visible in the lower left corner which the author was
surprised to see. A less distinct shadow would have been expected.
Figure 4.11. Enlarged view of
figure 4.10 showing the T-72's
arranged in a circle. Also notice
the shadow from the scissors
lift which is evident in the lower
left corner.
Figure 4.10. Raw SEBASS
image showing a portion of
the Malapai study site. The
gray-scale image was generated
from channel 25 (center
wavelength at 9.06442 |J.m).
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4.2 Scene Development
Scene development was initiated with a site selection process. After
reviewing theWestern Rainbow study sites three were selected for the basis
of the synthetic image. Arroyo, JCCD andMalapai were chosen because
together, they contained a variety of target/background scenarios that
characterized the breadth of the study. The process was not one of exact
duplication, but rather, one where selected attributes from the three sites
were combined to form one generic scene.
Following site selection, the scene was constructed as a three-
dimensional, wire-frame drawing in AutoCAD 13. Construction started
with the terrain and then various vehicles, decoys, panels and vegetation were
placed within it. The hierarchy for scene development followed that described
in section 3.2.1: with objects, composed of parts, which are themselves,
composed of facets, combined at the scene level. Having assigned normal
vectors and material attributes to each facet, the geometric database is
created. The final scene consists of 486 objects composed of over 1300 parts
utilizing approximately 50,000 facets.
The following sections will outline the scene generation process from
terrain and object development procedures to the numerous files describing
sensor, scene, and material parameters necessary for DIRSIG.
4.2.1 Terrain Development
Since there were no constraints to model the terrain after a specific
region within the study sites, the author started with a clean slate. Thinking
that a smaller region would require less terrain facets than a larger one, a
500 by 500 meter scene was decided upon. The drawing was divided into
regions that were described as field and wash regions. The former would be
comprised of desert pavement facets and were, as a whole, flat or nearly so.
The wash regions, on the other hand, would be comprised of the sand facets.
These regions are characterized by more varying, but still gentle, elevation
changes. The vegetation, as well as most of the vehicles, would be arranged
after the fashion of JCCD and Arroyo, in these wash regions. The facets in
these regions were necessarily smaller to accommodate the gentle elevation
changes that were envisioned. The many more intersection points would also
allow for more precise insertion of the vegetation and vehicles within the
scene: i.e., it is much easier to position objects in AutoCAD 13 by specifying
an intersection point with a cursor rather than listing the point's x, y, and z
coordinates. Figure 4.12 and 4.13 illustrate the wire-frame outline of the
terrain as rendered in AutoCAD 13 from two perspectives. The regions of
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tightly packed lines are wash areas while the remaining areas are
characterized as fields of desert pavement.
Figure 4.12. Nadir View ofWire-Frame Drawing Representing the
Terrain Created in AutoCad 13. The regions of tightly packed lines
are wash areas while the remaining areas are characterized as fields
of desert pavement.
There is an elevation change of 20 meters across the entire scene.
The degree to which the elevation changes is partially distinguishable in
figure 4.11. Two sides of a bottom 'plate', on which the terrain is built, are
clearly visible along the lower sides of the drawing. This plate is at a constant
elevation and therefore provides a measure of the change in terrain elevation
occurring above it. The maximum elevation change occurring across a single
facet is four meters. This degree of elevation change is an isolated occurrence,
limited to a small region in the upper corner of figure 4.11 (upper right corner
of figure 4.10). Small hills, which are visible in figure 4.12, were created in
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Figure 4.13. Off nadir view ofWire-Frame Drawing representing
the Terrain, Created in AutoCad 13. The regions of tightly packed
lines are wash areas while the remaining areas are characterized
as fields of desert pavement.
Figure 4.14. Enlarged View ofUpper Corner of Figure 4.11.
this region so that vehicles could be placed between them and partially
hidden from off-nadir viewpoints. The hills rise approximately five to ten
meters above the surrounding terrain: not mountains, but certainly high
enough to cast shadows on nearby objects and otherwise obstruct them from
view. Over the rest of the scene, the elevation change across a facet, where it
occurs, is on the order of 0.25 to 1.50 meters.
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The prominent field in the lower left side of figure 4.10 is modeled after
theMalapai site. It is completely flat, composed of desert pavement and has
a road running through the lower section of it. The latter may appear out of
proportion as it was constructed with 'shoulders' that could later be
characterized as transition regions composed of both the desert pavement
material of the field and the road material. The field is also flanked by two
wash regions as was the case in the study site. In the final synthetic scene, the
field will contain calibration panels, military vehicles, decoys, and various
camouflage treatments deployed directly on the desert pavement as well as
over vehicles and decoys.
Along the perimeter of the fields contiguous to the wash areas are 'tabs'
which appear in figure 4.10, as a thin, dark strips at the borders of the two
regions. These are small extensions to the fields which fit under the facets of
the adjoining wash regions. They were created to minimize the occurrence of
holes in the scene that often appear at these intersections in the final
synthetic scene.
Four depressions were created in four of the wash areas to
accommodate both T-72 tanks and Scud C surrogates. They are seen as small
dark regions within the wash areas in figures 4.10 and 4.11, and are modeled
after target regions occurring in both the JCCD and Arroyo sites. Figure 4.6
above, from the JCCD site, depicted a T-72 in a defilade. Notice that the tank
is not completely below ground level. The depressions created in the wash
areas were set two meters below the surrounding terrain so that the upper
portion of the vehicles would still protrude above the brims. A wire-frame
view of a depression is depicted in Figure 4.15. The facets that characterize
the depression are made smaller than their surround so that the elevation
change is more controllable and so that any camouflage treatment and
vegetation placed on and around it can be done so with more precision.
To facilitate the ray tracer processing component ofDIRSIG, each
desert pavement and wash region was created as a separate object and each
of these was divided into several parts. Each part consists of approximately
50 to 100 facets. Prior to this regime of compartmentalization, each desert
pavement and wash region was a single part, which may have consisted of
over 1000 facets, and the DIRSIG processing time for a 512 by 512 image of
just the terrain was over 56 hours. In real time, this initial DIRSIG run took
over five calendar days to complete. After several reconfigurations of the scene
into progressively smaller parts, the computer processing time for the same
size image was reduced to roughly 40 hours, which still takes approximately
four days to complete. The time savings was generated by reducing the
intersection testing that the ray tracer submodel conducted. At the present
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time the ray tracer routine is being rewritten and it is the hope of this author
that the new version will further reduce the processing time.
Figure 4.15. Wire-Frame Drawing of Defilade
4.2.2 Vegetation
During the ground measurement phase of the Western Rainbow study,
the TEC crew made reflectance measurements of two different species of trees
and bushes. To allow for the option of including more than one species of
vegetation in the synthetic scene two different tree models and one bush
model were created as wire-frame drawings in AutoCAD 13. The bush is
composed of 30 facets randomly distributed in a volume that is roughly 1.5 m
high by 2.0 m in diameter. Figure 4.16 affords two views of the model. The top
view illustrates the amount of ground cover that the 30 facets provide. From
Figure 4.16. Side and Top Views ofWire-Frame Bush Model.
the top view it becomes apparent that if a sensor's GIFOV is much greater
than two feet much of the bush would be missed. To partially mitigate this
problem, the bushes are placed in the scene in groups of four. AutoCad
13
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also provides a possible solution to this problem. As part of the insertion
process within the program the scale of the objects can be modified in the x, y,
and z directions, and the rotation angle about the z axis can also be altered.
This provides the user an opportunity to increase (or decrease) the size of the
objects as they are placed in the scene. It also offers an opportunity to
introduce some sense of the natural variability of the object within the
synthetic scene as each object's shape and orientation can be altered slightly
as it is inserted in the scene.
Figure 4.17 offers a view of both tree models. They are both composed of
24 trunk and branch facets and 56 leaf facets. The two models, a and b, have a
height of approximately four and three meters respectively and both have a
crown diameter of roughly 2.25 meters. They were made with sparsely
populated crowns that extend to near ground level in an attempt to more
closely approximate the natural vegetation. Actual tree size, when inserted in
the final scene, varies from slightly less than, to roughly 2.5 times that of the
figures stated above. Variabliity was added through the AutoCAD 13
insertion parameters mentioned above.
Figure 4.17. Tree Models.
4.2.3 Vehicles and Decoys
Two military vehicles and three decoys have been created or modified
from existing files. The two vehicles are modeled after a T-72 tank and a
Scud mobile missile launcher and were chosen because of their predominant
use in theWestern Rainbow study. The decoys were also modeled after
targets employed at the JCCD site in theWestern Rainbow study and are
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meant to represent tanks. Wire-frame renditions of the two vehicles and the
three decoys are illustrated in figures 4.18 and 4.19 respectively. Illustrations
a. and b. in figure 4.19 are crude representations at best. Illustration c, on the
other hand, is a simplified version of the tank in figure 4.18, preserving its
shape while sacrificing fidelity. Doing so reduced the number of facets in the
model easing the rendering process within DIRSIG. Having three different
decoys offers the ability to model each with different materials. Illustration
a., for example, might be characterized as wooden panels with a metal pipe,
while b., might be scrap metal, and c. could be a tank that has been stripped
and junked. All five of the models may be deployed within the synthetic scene
with or without camouflage treatments.
Figure 4.18. Wire-Frame Models of T-72 Tank and Scud Mobile Missile Launcher
Figure 4.19. Wire-Frame Models of Decoys
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4.2.4 Meteorological Data & Atmospheric Characterization
Weather conditions throughout the study period were characterized by
clear skies and hot, dry days with mild nights. Temperatures ranged from
lows of approximately 20 C at night to highs of 35 C during the day.
Visibility was favorable throughout the study period except for a period of
high winds experienced on the afternoon of 10-22-95.
Meteorological data obtained during theWestern Rainbow study,
described above in section 4.1.4, was used in the modeling. Radiosonde data
was collected from 10-19-95 through 10-24-95 with twice daily launches
except for the start-up day and 10-22 when the study was suspended due to
high winds. Radiosonde data as required by MODTRAN for the
characterization of the atmosphere, is limited to 33 layers. Data generated
from the launches, however, was collected at five second intervals which
resulted in a characterization of the atmosphere into over 500 layers. All
launch data collected at an elevation of less than 1500 feet (the elevation at
the launch site was approximately 800 feet), was included in the radiosonde
file utilized by MODTRAN. At altitudes greater than 1500 feet data was
utilized at equally spaced intervals such that the total number of
atmospheric layers equaled 33.
Altitude, pressure, humidity and temperature data from the
radiosonde balloons was expressed in units of feet, millibars, percent and
degrees Celsius respectively. In order to accommodate the radiosonde file
requirements for MODTRAN, altitude was converted from feet to kilometers,
and humidity was converted to dew point temperature. It should also be noted
that information accompanying the radiosonde and weather files indicated
that temperature data was expressed in degrees Fahrenheit. The author
determined that this information was erroneous after observing ground truth
photographs: ground personnel were dressed in shorts when the temperature
was in the mid-40 F range. This was later corroborated when apparent
temperatures resolved during the Planck curve fitting technique for
emissivity extraction were 30 to
40 F higher than the air temperature would
have been if it had been expressed in degrees Fahrenheit.
DIRSIG weather files were also generated from meteorological data
collected during the study. Each file contains weather data at 15 minute
intervals, for a particular day as well as the preceding day. For example, the
file yumal02195.wth contains meteorological data at 15 minute intervals for
October 20 and 21, 1995. Each line in the file contains the time, temperature
( C), pressure (millibars), relative humidity as a fraction, dew point
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temperature, wind speed (m/s), direct and diffuse insolation (Langley/hour),
sky exposure, cloud type, and precipitation type, rate and temperature.
Meteorological data collected as part of the Western Rainbow study
were contained in five different sets of files: radiosonde data as previously
described, met files, shadow band files, and a series of one minute and 10
second files. These last two sets of files contained primarily wind speeds, and
temperatures at various heights above the ground. Pressure, however, was
collected as part of the one minute files and was expressed in inches of
mercury. In order to utilize it in the DIRSIG weather file, it was stripped out
of the one-minute files, converted to millibars and resampled at 15 minute
intervals.
Total solar, and diffuse insolation data was collected at five minute
intervals during the study period. The diffuse insolation values were
contained in the shadow band files, while the total insolation terms were part
of the met files. The support data accompanying the files indicated that the
units ofmeasure were Watts per square centimeter. However, conversion to
Watts per square meter produced unrealistically high values so the author
assumed the data was actually measured as Watts per square meter. In order
to obtain the direct insolation term, necessary for the DIRSIG weather file,
the total insolation term was first stripped out of the met file and 'pasted' to
the diffuse insolation file where the latter was then subtracted from the
former. The data was then resampled at 15 minute intervals and the direct
and diffuse terms were written out to a new file.
Western Rainbow met files contained 10 columns of data representing
date, local time, ground surface and subsurface temperatures, wind direction,
air temperature, pyranometer and pyrgeometer measurements, humidity and
wind speed respectively. Data was collected at five minute intervals
throughout the study period and each met file contained measurements for a
24 hour period. Air temperature, humidity and wind speed columns were
stripped from the file. Humidity was converted from percent to a fraction, and
wind speed was converted from miles per hour to meters per second. They
were resampled at 15 minute intervals and written out to a new file which
was pasted together with the previously described insolation and the pressure
files. This then, formed the basis for the DIRSIG weather files. The latter
were completed by inserting values for dew point temperature, sky exposure,
cloud type, and precipitation type, rate and temperature. These values all
remained constant throughout the study period.
As mentioned above in section 3.2.4, the radiosonde file is utilized by
MODTRAN to characterize the atmosphere into a series of homogeneous
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layers. The radiosonde data provides a more accurate profile of the
atmosphere thanMODTRAN could predict using default parameters. A
MODTRAN card deck, which contains the inputs for the program, is generated
by modifying a LOWTRAN card deck. The latter is generated from
CONTROL7: a program that queries the user for model parameters including
model type (from radiosonde data or default models), aerosol extinction type
and cloud model. The card deck is then utilized by MODTRAN along with the
weather file to generate radiance files all of which is controlled by the DIRSIG
program build_radiance. The output from this program is a series of radiance
data files: one for each sensor channel. Each file contains wavelength and
angular dependent radiance and exoatmospheric irradiance data as well as
atmospheric transmission terms (Xi and X2) for a particular time and day all of
which is utilized by DIRSIG to interpolate radiance terms about the
hemisphere.
The weather file is also used directly by the thermal submodel within
DIRSIG to predict object temperatures. Examples of weather, radiosonde,
and radiance files are included in appendix A while shell scripts and
programs to process the data are included in appendix B.
4.2.5 Sensor Parameters
The sensors utilized during the Western Rainbow study were described
above in section 4.1.5 and are the same ones that DIRSIG will attempt to
emulate. Sensor specifications necessary for DIRSIG are found in two
different locations: the scene node file and the series of sensor files. The
former contains the sensor's channel bandpasses as well as information that
positions the scene with respect to the earth (latitude and longitude of the
target), and sun (time and date of simulation). The series of sensor files
contain the sensor gain, offset and normalized spectral responsivity. A
separate file is generated for each channel specified in the scene node file.
Channel bandpasses for each of the sensors has been determined.
Sensor gain, offset and normalized spectral responsivity, however, is only
completely known for the Daedalus sensor. A set of generic sensor files were
created for each Daedalus channel with the normalized spectral responsivity
characterized on five nanometer (nm) centers for the first nine channels (0.4 to
1.855 um spectral range). Normalized spectral responsivities for channels 10,
11, and 12 were characterized on 10, 25 and 100 nm centers respectively. The
files are generic in that a gain factor of one and an offset of zero were specified
for each of the files. This was done so that the same files could be utilized
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with any Daedalus simulation. Gain factors and offsets that characterize a
specific Daedalus run could then be factored into the simulated image
radiance data as a post DIRSIG processing procedure. This procedure,
however, was not necessary in the current study as absolute radiance values
were not required for validation.
HYDICE channel bandpasses and gain factors are run specific. Gain
factors are specified for each detector element and are provided as a 320 by
210 floating point array. However, current DIRSIG structure only allows for
one gain factor per file and here we have 320. If the gain factor is set to one,
then a post DIRSIG processing procedure could be implemented to produce the
calibrated image radiance values. Again, since absolute radiance comparisons
were not necessary as part of this study, a simple three-point tri-function was
utilized to model the sensor. The same procedure was also utilized with the
SEBASS sensor.
4.2.6 Material Parameters
Material parameters describing physical parameters independent of
the facet are contained in a materials file and are listed in table 4.8.
Parameters that may vary at the facet level are contained in the geometric
database (GDB) and include temperature, thickness, self-generated power
and exposed area. These parameters though, may also be characterized in the
materials file, but doing so takes precedence over values predefined in the
GDB file, removing any variability that may be contained there.
Table 4.8. Material Parameters Contained in
Materials File. * Parameters are Optional.
Material Name Material ID Number
Specific Heat Thermal Conductivity
Mass Density Specularity
Visible Emissivity Thermal Emissivity
Exposed Area Optical Description
Emissivity File Name * Extinction File Name
* Texture File Name * Use Gausian Texture
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During scene creation, materials were identified for inclusion in the
scene that did not exist in the current material's database. In these
situations, the author made a blanket assignment of a current material's
parameters to the new material. The selection was based on what were
crudely thought to be similar characteristics. As more data became available,
however, individual entries within the file were modified. For example, much
of the terrain in the synthetic scene is composed of desert pavement, but no
data existed in the current materials file for the material. A new entry was
created under the heading desert pavement, with a unique ID number
utilizing the parameters from a preexisting entry: in this case roof gravel. In
this particular case, the exchange of material parameters may not be as
extreme as it may appear. Desert pavement at the Malapai study site is
composed predominantly of small pebbles coated with a desert varnish
(Esimann and Schwartz, 1996). While there are certain to be differences
between the two sets ofmaterial parameters, roof gravel is at least as good
(and hopefully better) a starting point as any other.
Visible and thermal emissivities of the materials selected for use in
the synthetic scene were the first parameters to be modified. Visible
emissivities were determined from both the US Army TEC reflectance spectra
and the JHU laboratory spectra. The former, as described in section 4.1.2,
characterized many indigenous materials as well as man-made objects at all
three of the study sites. The JHU laboratory spectra characterized some of
the same indigenous and man-made materials as well as a host of
camouflage materials.
4.2.6.1 Visible and Thermal Emissivity Parameters
TEC measurements were made from a distance of 1.0 to 1.8 meters.
The spectra were normalized to a Spectralon 100% reference standard, re
sampled at five nanometer centers, and smoothed using a five point non-
weighted algorithm (Satterwhite and Fischer, 1995). Water absorption
regions, between 1350-1450 and 1800-2140, tended to be noisy and are
replaced with zero values in the resulting spectra.
Visible emissivity values, derived from the TEC data, were determined
using Kirchoffs law as described in section 3.4.1. Prior to this processing the
data files were reformatted by removing the header information and aligning
the resultant percent reflectance data into a single column. The files were
organized by date of sample into separate directories, and then again by
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material type. Each was 431 lines long covering the spectral range from 0.35
to 2.50 um. A simple shell script was written to format all the files in each
directory; sum all the reflectance values in the file; divide this value by the
total number of non-zero entries; divide the result by 100 to convert from a
percentage to a fractional value; and subtract it from one to determine the
average emissivity value for the file. This single value was then averaged over
all files of the same material to determine their collective average visible
emissivity which was then incorporated as the visible emissivity parameter
into DIRSIG's materials file. Although not employed here, a more accurate
emissivity value could have been achieved by weighting the average by a
normalized scaler spectralsource function.
JHU data files for camouflage materials were converted from DHR to
emissivity in a similar fashion. JHU reflectance data though, were expressed
as fractional values and stored in 2869 line, headerless files covering the
spectral region from 0.4 to 14.9 um. Accuracy of the data is better than one
percent in the 2 to 14 um range and within approximately three percent in the
shorter wavelength range (Salisbury, 1997). However, errors as high as 10%
were recorded in the 0.4 to 0.9 um range in some of the samples due primarily
to the inhomogeneity of the camouflage (Salisbury, 1997). To try and
minimize the error and achieve an accurate reflectance characterization of the
material, separate measurements were made of the different components and
then combined in a weighted average (Salisbury, 1997). This differs from the
field procedure employed by the TEC crews. With the latter, separate
measurements were also made of the different components of the net, but no
attempt was made to recombine them into a weighted average. The nets were
also measured as they were deployed: over military vehicles or decoys. Spectra
obtained from the transmissive camouflage materials then, necessarily
contained spectral information from the underlying targets. For these
reasons, the author chose to use the JHU laboratory data to characterize the
camouflage materials utilized in the synthetic scene.
A shell script was again utilized to process the JHU files. The first
1141 lines of data, covering the 0.4 to 2.5 um region, were stripped from the
file and converted to a single emissivity value representing the average of the
spectral range. This value was incorporated as the visible emissivity
parameter in DIRSIG's materials file. A second script was also written to
convert the portion of the file covering the 8.0 to 14.0 um spectral range to a
single, average emissivity value which was then utilized as the thermal
emissivity input to the DIRSIG materials file. It should be noted that these
values are utilized by the thermal model. The actual spectral reflectance /
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emissivity values from whence these single average values were determined,
are used for all radiometric calculations.
Transmission values for the camouflage materials were also
determined from the JHU data. Laboratory measurements of each material
were made backed by both blackbodies and a gold mirror. Transmission can
then be estimated by taking the difference of the gold mirror spectrum minus
the blackbody spectrum (Salisbury, 1997).
Thermal emissivity values for background materials as well as
military vehicles and decoys were derived from the ERIM bomem data. These
data files, however, were expressed as radiance measurements and therefore
were converted to emissivities via the Planck curve fitting method outlined in
section 3.4.1.3. As mentioned earlier, this conversion method generally works
well for many indigenous materials in the 8.0 to 14 um window where the
emissivity of these materials approaches unity. Emissivities ofmany man-
made materials in this spectral region are not well documented and therefore
it is not known how accurate the curve fitting method is with these materials.
The author, however, for lack of a better solution, utilized the method to arrive
at emissivity estimates for the range of materials used in the study.
A script file was again employed to process the data, but first the files
were organized into directories by material type and then into subdirectories
by date of measurement and again by measurement number. As mentioned
above, in section 4.1.2, each measurement contained up to 36 separated files
each representing a single scan within the spatial and temporal sequence.
They were organized in the above mentioned fashion to facilitate processing
which consisted of producing an average radiance spectrum for each
measurement. Radiance was converted to emissivity via the curve fitting
method and a single average emissivity term was determined for the 8.0 to 14
um window. This term was then incorporated into DIRSIG's materials file.
Figure 4.20 illustrates the curve fitting procedure and the resultant
emissivity curve for a sample of desert pavement. For comparison, a similar
set of graphs from a T-72 tank at the Malapai site are included as figure 4.21.
Figures 4.22 and 4.23 illustrate the same procedure employed on the same
materials found in the preceding two figures over an extended spectral range.
They are included to illustrate the potential for utilizing the curve fitting
technique beyond the 8.0 to 14 um window. In this particular case, when
focusing only on the 8.0 to 14 um window, there is more of a difference in the
two desert pavement spectrums (the indigenous material), then in the two
tank spectrums. The shapes of the two desert pavement spectrums are
similar over this range, but the magnitude is not. The spectrums of both
materials over the extended range exhibit more character, but whether this is
a function of the material or increased instrument noise or some combination
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of both is not readily discernible at least by this author. So while these two
examples illustrate the potential for utilizing the procedure outside the 8.0 to
14 um window, they also point to the caution that must be displayed while
interpreting the results.
Desert Pavement
1.2x10
Wavelength [m]
Desert Pavement
1.2x10"
Wavelength [m]
Figure 4.20. Planck Curve Fitting Procedure for a Sample ofDesert
Pavement. Graph a. illustrates the fitting of the desert pavement
radiance spectra to a Planck blackbody radiation curve. Graph b.
illustrates the resultant emissivity spectrum.
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Figure 4.21. Planck Curve Fitting Procedure with a Sample (B199)
from a T-72 Tank. Graph a. illustrates the fitting of the tank radiance
spectra to a Planck blackbody radiation curve. Graph b. illustrates
the resultant emissivity spectrum.
Desert Pavement
Figure 4.22. Extended Range of Planck Curve Fitting Procedure from
the Same Sample use for figure 4.18. Graph a. illustrates the fitting of the
desert pavement radiance spectra to a Planck blackbody radiation curve.
Graph b. illustrates the resultant emissivity spectrum.
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Figure 4.23. Extended Range of Planck Curve Fitting Procedure from
the Same Sample use for figure 4.19. Graph a. illustrates the fitting of the
tank radiance spectra to a Planck blackbody radiation curve. Graph b.
illustrates the resultant emissivity spectrum.
4.2.6.2 RemainingMaterial Parameters
The author utilized existing data from similar materials as inputs to
the remaining material parameter fields: specific heat, mass density, thermal
conductivity, exposed area and specularity. For example, the parameters from
painted steel, material ID number one in the current, generic DIRSIG
materials file, were used as inputs to the painted surface of a tank and decoy.
The author also relied on the experience of the DIRS staff to adjust these
parameters so that the output radiance values from DIRSIG over different
times of the day approximate the pattern observed from either the ground
truth measurements or the airborne collections. To facilitate this process,
THERM, the thermal submodel ofDIRSIG, was run off-line utilizing the
"generic"
material parameters as well as the material-specific emissivity
parameters mentioned above as inputs. This was an iterative process in
which the parameters were adjusted after each run. Figure 4.24 compares
desert pavement temperatures predicted by THERM for a 24 hour period
with apparent temperatures derived from BOMEM FTS, and Daedalus data.
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Figure 4.24. THERM temperatures calculated for a 24 hour period
compared with apparent temperatures derived from BOMEM FTS,
and Daedalus data.
While the apparent temperatures derived from both the Daedalus and
BOMEM data provide fewer points for comparison, they are nevertheless in
general agreement with the temperatures predicted by THERM.
In this particular case the temperatures predicted by THERM were
brought into line with the apparent temperatures by adjusting the shape
factor, exposed area, and the thickness parameters. Shape factor and exposed
area were adjusted from 0.5 to 1.0 and the thickness was changed from 1.0 cm
to 5.0 cm. These values are consistent with what would be observed in the
scene. For the most part, the desert pavement regions of the scene are flat and
devoid of any objects that would obscure their view of the hemisphere above
them.
Figure 4.25 illustrates the difference between two iterations ofwash
region temperatures predicted by THERM. A slight change in the exposed
area parameter resulted in a wider range of predicted temperatures as well
as an increased slope which is evident in figure 4.25, b. The result is more in
line with the range and slope of the Daedalus data, but no longer matches the
Bomem data. In this situation the author chose the parameters that produced
a closer match with the Bomem (figure 4.25, a) data where more of the data
points were in agreement.
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Figure 4.25. THERM temperatures from two iterations ofwash region parameters compared
with apparent temperatures derived from Daedalus and Bomem data.
In situations where Bomem data does not exist for a particular
material, the author relied on the Daedalus data to adjust the material
parameters.
4.2.7 Emissivity Files
Emissivity files describes a particular material's emissivity as a
function of frequency and look angle. They are used in conjunction with the
specularity parameter contained in the materials file to describe the
magnitude of the specular lobe. The author relied on JHU and TEC
reflectance data as well as Bomem radiance data to determine appropriate
wavelength dependent emissivities for the materials present in the scene.
JHU and TEC data are expressed in reflectance and therefore may be
converted to emissivity via Kirchhoffs law, equation 3.12. The Bomem data
will be converted to emissivities via the Planck curve fitting procedure
described in section 3.4.1.3 and illustrated above in section 4.2.6.1. Where
necessary, the current DIRSIG emissivity database and the Non-Conventional
Exploitation Factors (NEF) database will be utilized to fill any gaps for
materials that may not be sufficiently covered by the above mentioned data.
The NEF database contains bidirectional reflectance factor (BDRF) data on
approximately 400 materials, many ofwhich are military related and
perhaps, may be useful in this study.
The DIRSIG emissivity file format was recently changed to achieve the
increased resolution necessary to model the spectral resolution of the
HYDICE and SEBASS hyperspectral sensors. Previously, the file format
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spanned the range from 39850 to 350 cm-1 by decrements of 100 for a total of
396 points within this range, 143 of which are short of 25000 cm1 (400 nm).
In this scheme only six points were present in the 8 14 |im range (1250 700
cm-1 ), a region in which SEBASS samples 128 points. Clearly, a greater input
resolution was necessary ifwe hoped to model hyperspectral sensors. The new
file format allows for the input of variable resolution files through the use of a
three line header which lists the maximum frequency, minimum frequency
and delta frequency respectively. The original DIRSIG emissivity file format
will be adequate to model the Daedalus sensor, but two new sets of files had
to be generated to accommodate the HYDICE and SEBASS sensors.
To simplify the process, at least for the initial DIRSIG runs, the
specularity parameter in the materials file may be set to 0.0, indicating a
lambertian surface. This will minimize the number of emissivity curves
necessary to characterize the material since a lambertian surface does not
contain a specular lobe.
4.2.8 Extinction Coefficient Files
Extinction coefficient files, containing wavelength dependent extinction
coefficients expressed in units of inverse kilometers, are required for all
transparent materials. These are limited to certain camouflage materials
and leaves in the current study. Equation 4.1 will be inverted to determine the
wavelength dependent extinction coefficients from the JHU, camouflage
transmission data described in section 4.2.6.1. A one millimeter thickness
v^=e~^ (4.1)
where xx Wavelength Dependent Transmission
Jx Wavelength Dependent Extinction Coefficient
z Thickness Expressed in Kilometers
will be utilized for all the camouflage materials. The author utilized the
DIRSIG database and the expertise of the DIRS staff in defining wavelength
dependent extinction coefficient values for vegetation.
4.2.9 Texture Files
Although textures were not incorporated in the current study, the
author produced emissivity curves necessary for the generation of texture.
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They were generated from the scan sequences described in section 4.2.6.1,
except that individual curves were utilized from the sequence of 36 rather
than a single average curve.
4.3 Validation Procedures
The two methods described in sections 3.3.1 and 3.3.2: ROC and
spectral comparisons, were utilized to compare the synthetic scene with truth
data. As mentioned previously, ROC is used to compare the relative contrast
between similar objects in the synthetic and truth images. Spectral
comparisons will be utilized to compare the spectral signatures ofmaterials
isolated from the truth images with similar materials from the synthetic
scene.
White (1996), and Kraska (1996) both validated DIRSIG in the visible
and infrared regions of the spectrum respectively. The purpose of the current
study is to temporally validate DIRSIG over a broad spectral range, from .4 to
14 nm. Identical synthetic scenes were generated at various times that
coincide with particular Daedalus, HYDICE and SEBASS collections.
4.4 DIRSIG's Potential for Thermal Infrared Imaging Spectroscopy
The same synthetic scene utilized in the DIRSIG validation mentioned
above will be used to evaluate DIRSIG's potential for thermal infrared
imaging spectroscopy. The spectral resolution of the scene though, will
emulate SEBASS. If the altitude of the DIRSIG sensor and the collection time
are set to match those of a specific SEBASS run, then a direct comparison of
DIRSIG and SEBASS radiance spectra can be made.
DIRSIG's spectra were also compared to that of the Bomem FTS
system. The DIRSIG sensor still emulated the spectral resolution of SEBASS,
but the data was compared in the manner described above in section 4.3, by
comparing the spectra from a pure DIRSIG pixel to that of the convolved
Bomem data from the same material type. Again, if the altitude of the
DIRSIG sensor matched that of the Bomem system, the atmospheric affects
could be minimized. The time of the DIRSIG emulation would also have to
match that of a particular Bomem collection though, as the atmospheric
affects, although minimized, still contribute to the observed signal and will
vary with time of day. Figure 4.26 illustrates this point. A desert pavement
sample is collected at three different times and the resulting spectra,
although similar in shape, varies in magnitude. The difference in magnitude
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is attributable to the difference in temperature of the three samples as well
as, perhaps, a difference in magnitude of the downwelled radiance
contribution to the measured signal. As Salisbury (1992) points out, the
overall affect of downwelled radiance on the measured spectra will be viewed
as a change in magnitude of the resultant emissivity rather than a change in
shape. This may present a problem when the absolute magnitude of the
emissivity is required, but in the present study where the purpose is to
evaluate DIRSIG's potential for infrared spectroscopy this degree of precision
should not be necessary.
Desert Pavement
16:30
07:30
04:30
a.70 1 1 1 l _i i i_ _i i i_
10 12
Wavelength [microns]
14
Figure 4.26. Emissivity Spectra derived via the Planck Curve Fitting
Technique from a Sample ofDesert Pavement Collected at Three Different
Times.
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5.0 Results
Results of the DIRSIG simulations for the Daedalus, HYDICE and
SEBASS sensors are presented. Rank Order Correlation's (ROC), comparing
materials between the various truth scenes and their respective DIRSIG
simulations have been calculated. ROCs comparing channel signals for
particular materials at various regions within the sensor's response are also
presented for both HYDICE and SEBASS scenarios. Spectral comparisons
between individual pixels in the HYDICE and SEBASS truth scenes with
similar pixels from their simulation counterparts are also presented. Finally,
the data from the SEBASS simulation, is utilized with the Planck curve
fitting emissivity extraction technique to compare emissivities derived from
DIRSIG and SEBASS spectra.
5.1 Daedalus Scenes
Tables 5.1 through 5.7 list the material rankings and the ROC for four
different Daedalus simulations in chronological order. Results from each
day-time simulation are presented in two consecutive tables representing
channels 1 through 6 and 7 through 12 respectively. Table 5.3, which is a
night-time simulation, only lists data for channels 11 and 12, the mid-wave
and long-wave channels respectively, since those were the only channels
sampled by Daedalus. Graphical representations, plotting channel number
versus rank, of the runs are presented in appendix C.
Variations in material categories between the different simulations
are due to differences in the truth scenes. JCCD, for example, was a site
where decoys with different camouflage treatments were deployed, where as
in Malapai targets were deployed on an open field of desert pavement. In
both the JCCD and Malapai simulations, fewer materials were utilized for
the calculations in channels 11 and 12 due to the lack of reliable emissivity
data for some materials within these regions.
Although the naming conventions utilized for the various materials are
for the most part, self-explanatory, the following descriptions will help clarify
any ambiguities. The first six materials listed in each table of the day-time
simulations represent 20 by 20 foot reflective panels. The numbers indicate
their nominal percent reflectance. DP is the author's shorthand for desert
pavement which consists of dark-toned varnished gravels. A model of a Scud
mobile missile launcher was utilized in the DIRSIG simulations and its
counterparts in the truth scenes were referred to as R20 and George, one of
which was an asset and the other a decoy. In the materials list Scud refers to
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all three vehicles and combines pixels from both the vehicle body and the
mobile asset. Shadow samples were generally collected from vehicle shadows
on desert pavement. The tank category represents T72 tanks deployed at the
study sites and their models utilized in the SIG scenes. Veg is shorthand for
vegetation, and is a generic category that combines the different plant species
native to the sites and the different models utilized in the SIG scenes. The
wash category represents the drainage ways flanking the regions of desert
pavement which are composed of gravels, sand and silt deposits. T72 Arroyo
Defilade and Scud Wash 1 Defilade are both models of their name sakes
placed in depressions within the terrain and covered with DoD LCSS
Table 5. 1. Material rankings and ROCs for DIRSIG/Daedalus comparison.
Malapai, 10-20-95, 1030 @ 1000 feet, Channels 1 through 6.
DIRSIG
Materials
Channel 1
Ranks
Channel 2
Ranks
Channel 3
Ranks
Channel 4
Ranks
Channel 5
Ranks
Channel 6
Ranks
2% 13 1 3 1 3 1 3 13 1 3
12% 8 8 1 0 1 0 1 0 1 0
24% 4 4 6 6 6 7
36% 3 3 3 3 3 3
48% 2 2 2 2 2 2
60% 1 1 1 1 1 1
DP 9 1 0 9 9 8 9
Road 5 5 5 5 5 5
Scud 1 1 1 1 1 1 1 1 1 1 1 1
Shadow 1 2 1 2 1 2 12 1 2 12
Tank 6 7 8 7 7 8
Vea 1 0 9 7 8 9 6
Wash 7 6 4 4 4 4
DAEDALUS
Materials
Channel 1
Ranks
Channel 2
Ranks
Channel 3
Ranks
Channel 4
Ranks
Channel 5
Ranks
Channel 6
Ranks
2% 13 1 3 1 3 1 3 1 3 1 3
12% 8 8 9 9 1 0 10
24% 4 4 7 7 7 7
36% 3 3 3 3 3 3
48% 2 2 2 2 2 2
60% 1 1 1 1 1 1
DP 10 1 0 10 1 0 9 9
Road 5 5 4 4 4 4
Scud 7 7 6 6 6 6
Shadow 12 1 2 1 2 1 2 1 2 1 2
Tank 9 9 8 8 8 8
Vea 1 1 1 1 1 1 1 1 1 1 1 1
Wash 6 6 5 5 5 5
Rank Order
Coefficient
0.9231 0.9341 0.8736 0.8901 0.9066 0.8571
72
Table 5.2. Material rankings and ROCs for DIRSIG/Daedalus comparison.
Malapai, 10-20-95, 1030 @ 1000 feet, Channels 7 through 12.
DIRSIG
Materials
Channel 7
Ranks
Channel 8
Ranks
Channel 9
Ranks
Channel 10
Ranks
Channel 11
Ranks
Channel 12
Ranks
2% 13 1 3 1 3 13
12% 10 1 0 1 0 8
24% 7 7 7 5
36% 5 5 5 6
'
48% 2 2 3 3
60% 1 1 1 2
DP 9 9 8 7 1 3
Road 6 6 4 4 3 1
Scud 1 1 1 1 1 1 1 1 6 6
Shadow 12 1 2 1 2 12 7 7
Tank 8 8 9 9 2 2
Vea 3 3 6 1 0 4 4
Wash 4 4 2 1 5 5
DAEDALUS
Materials
Channel 7
Ranks
Channel 8
Ranks
Channel 9
Ranks
Channel 10
Ranks
Channel 1 1
Ranks
Channel 12
Ranks
2% 13 1 3 1 3 1 3
12% 1 1 1 1 9 9
2 4% 7 6 6 5
36% 3 5 5 7
48% 2 2 2 4
6 0% 1 1 1 2
DP 1 0 9 7 6 1 1
Road 4 3 3 1 3 3
Scud 6 7 8 8 5 5
Shadow 12 1 2 1 2 1 1 7 7
Tank 9 10 10 1 0 4 4
Vea 8 8 1 1 1 2 6 6
Wash 5 4 4 3 2 2
Rank Order
Coefficient
0.8297 0.8462 0.8791 0.9121 0.6786 0.5357
Table 5.3. Material rankings and ROCs for DIRSIG/Daedalus comparison.
Malapai, 10-21-95, 0630 @1000 feet, Channels 11 and 12.
Materials DIRSIG 11
Ranks
Daedalus 1 1
Ranks
DIRSIG 12
Ranks
Daedalus 12
Ranks
DP 4 6 5 5
Road 5 2 3 2
Scud 6 5 6 6
Tank 3 3 4 3
Veg 1 1 1 1
Wash 2 4 2 4
Rank Order
Coefficient
0.4857 0.8286
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Table 5.4. Material rankings and ROCs for DIRSIG/Daedalus comparison.
Malapai, 10-21-95, 1115 @ 1000 feet, Channels 1 through 6.
DIRSIG
Materials
Channel 1
Ranks
Channel 2
Ranks
Channel 3
Ranks
Channel 4
Ranks
Channel 5
Ranks
Channel 6
Ranks
2% 1 4 1 4 1 4 1 4 1 4 1 4
12% 7 8 1 0 1 2 1 1 1 1
2 4% 4 4 6 7 7 8
36% 3 3 3 3 3
i -
3
48% 2 2 2 2 2 2
60% 1 1 1 1 1 1
DP 9 10 9 1 0 9 10
Road 5 5 4 4 5 5
Shadow 1 2 12 1 3 1 3 13 1 3
Tank 10 1 1 1 1 1 1 12 12
Mixed Veg 11 9 8 8 1 0 7
Wash 6 6 5 5 5 4
T72 Arroyo
Defilade
13 1 3 1 2 9 8 9
Scud Wash 1
Defilade
8 7 7 6 6 6
DAEDALUS
Materials
Channel 1
Ranks
Channel 2
Ranks
Channel 3
Ranks
Channel 4
Ranks
Channel 5
Ranks
Channel 6
Ranks
2% 13 1 4 1 4 1 4 1 4 1 4
12% 8 8 1 0 10 1 1 1 2
24% 4 4 6 6 6 7
36% 3 3 3 3 3 3
48% 2 2 2 2 2 2
6 0% 1 1 1 1 1 1
DP 11 1 1 1 1 1 1 1 0 1 0
Road 5 6 5 5 5 5
Shadow 1 4 1 3 13 1 3 13 13
Tank 9 9 8 9 9 9
Veg 1 2 1 2 1 2 1 2 1 2 1 1
Wash 6 5 4 4 4 4
T72 DOD LCSS
Desert Camo
7 7 7 7 7 6
T72 Milken
Desert Tarp
10 1 0 9 8 8 8
Rank Order
Coefficient
0.8857 0.8637 0.8681 0.9209 0.9560 0.9121
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Table 5.5. Material rankings and ROCs for DIRSIG/Daedalus comparison.
Malapai, 10-21-95, 1115 @ 1000 feet, Channels 7 through 12.
DIRSIG
Materials
Channel 7
Ranks
Channel 8
Ranks
Channel 9
Ranks
Channel 10
Ranks
Channel 11
Ranks
Channel 12
Ranks
2% 1 4 1 4 1 4 14
12% 1 1 1 1 1 1 9
24% 8 9 6 5
36% 4 4 5 6
48% 2 2 3 3
60% 1 1 1 2
DP 10 1 0 9 7 1 2
Road 5 5 4 4 2 1
Shadow 13 13 1 3 1 3 8 8
Tank 1 2 1 2 1 2 1 2 5 6
Mixed Veg 6 6 7 1 1 7 7
Wash 3 3 2 1 6 4
T72 Arroyo
Defilade
9 8 1 0 1 1 3 3
ScudWash 1
Defilade
7 7 8 8 4 5
DAEDALUS
Material Rank
Order
Channel 7 Channel 8 Channel 9 Channel 10 Channel 11 Channel 12
2% 1 4 1 4 1 4 1 4
12% 1 2 1 2 1 0 9
24% 7 7 7 5
36% 4 6 6 8
48% 2 2 2 4
60% 1 1 1 2
DP 1 1 1 0 8 7 1 1
Road 6 5 4 1 4 4
Shadow 1 3 1 3 1 3 1 2 8 8
Tank 10 1 1 1 1 1 1 6 6
Veg 8 8 1 2 1 3 7 7
Wash 3 4 3 3 3 3
T72 DOD LCSS
Desert Camo
5 3 5 6 2 2
T72 Milken
Desert Tarp
9 9 9 10 5 5
Rank Order
Coefficient
0.9297 0.9033 0.8703 0.8725 0.8095 0.8571
tricolored desert net and USAF ULCAN desert fallon camouflage materials
respectively. Their counterparts in the Daedalus scene are T72 tanks covered
with DoD LCSS desert and Milken desert camouflage materials respectively.
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Both models were chosen even with their obvious differences, because of
similarities in their camouflage treatments. Even so, the camouflage
employed on the Wash 1 model was not an exact match with that of the
second T72 in the truth scene. This situation is indicative of a common
problem with the camouflage materials in this study. Naming conventions
utilized at the Western Rainbow study site for camouflage materials rarely
matched those from the catalogue of JHU camouflage spectra. The latter were
the basis for the DIRSIG emissivity files that characterize a specific material.
Five camouflage materials were chosen from the JHU spectra for inclusion in
this study, only two ofwhich matched with names utilized during the Western
Rainbow study: DoD LCSS woodland and DoD LCSS desert. Even here, the
author cannot be sure of a match. The JHU name for the desert material was
DoD LCSS tricolored desert net but both LCSS desert and LCSS tricolored
desert are referenced in the Western Rainbow data. The three additional
materials chosen from the JHU spectra generally matched some part of a
name from a material referenced in the Western Rainbow data. The author
did not attempt to try and match spectra of the JHU laboratory data with
field data as the latter were deployed over various materials, from scrap
metal and propane heaters to T72 tanks. In hindsight, it may have been a
useful exercise if only to make a more informed guess in terms ofwhich JHU
material to select.
In the JCCD simulation Arroyo, Center 1 and Center 2 Decoys are all
decoy tank models covered with DoD LCSS Woodland, USAF ULCAN
Woodland and USAF ULCAN desert camouflage materials respectively.
Their counterparts in the Daedalus scene are Decoy DoD LCSS Woodl, Decoy
W. Germ Wood Net, and Junk Tank LCSS Desert. Respectively, they
represent a sled-mounted 253 mockup under a DoD LCSS woodland net, a
scrap metal decoy under a German woodland net, and a junked tank under
DoD LCSS desert camouflage. Presumably the two DoD LCSS woodland nets
are the same material, but the second pair ofwoodland materials are not.
Again, the author chose to force a match rather than discard the data. This at
least provides the opportunity to quantify the affects of the camouflage
material on the material rankings and the ROC metric.
DoD Woodland Camo Panel is a model of camouflage material placed
directly on desert pavement. Its counterpart in the Daedalus scene is a T72
mural on DOD LCSS woodland camouflage. Alum decoy is a model of a tank
with an aluminum base, metal pipe for a barrel, and a wooden turret. Its
counterpart in the truth scene was an aluminum landing pad, scrap wood and
a four inch iron pipe for a barrel.
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Table 5.6. Material rankings and ROCs for DIRSIG/Daedalus comparison.
JCCD, 10-22-95, 0930 @ 500 feet, Channels 1 through 6.
DIRSIG
Materials
Channel 1
Ranks
Channel 2
Ranks
Channel 3
Ranks
Channel 4
Ranks
Channel 5
Ranks
Channel 6
Ranks
2% 1 4 1 4 1 5 15 1 5 1 5
12% 8 9 1 1 1 1 1 0 1 4
2 4% 5 5 7 7 7 8
36% 4 4 4 4 4 4
48% 3 3 3 3 2 2
60% 1 1 1 1 1 1
DP 10 1 0 10 9 9 1 0
Road 6 6 6 6 6 6
Shadow 1 6 1 6 1 6 16 16 1 6
Mixed Veg 1 1 1 1 9 10 1 1 9
Wash 7 7 5 5 5 5
Arrovo Decov 1 3 1 3 1 3 1 3 1 3 1 3
Center 1
Decoy
12 1 2 1 2 1 2 1 2 1 1
DOD Woodland
Camo Panel
1 5 1 5 1 4 1 4 1 4 1 2
Center 2
Decov
9 8 8 8 8 7
Alum Decoy 2 2 3 3 3 3
Alum Turret 1 7 1 7 1 7 1 7 1 7 1 7
Daedalus
Materials
Channel 1
Ranks
Channel 2
Ranks
Channel 3
Ranks
Channel 4
Ranks
Channel 5
Ranks
Channel 6
Ranks
2% 1 6 1 5 1 6 1 6 1 6 1 6
12% 7 7 8 1 1 8 1 3
24% 4 4 5 5 5 6
36% 3 3 3 4 3 4
48% 2 2 2 2 2 2
60% 1 1 1 1 ! 1 1
DP 1 3 1 3 1 2 12 12 1 4
Road 5 5 4 3 3 3
Shadow 1 7 1 7 1 7 1 7 1 7 1 7
Veg 1 4 1 4 1 4 1 4 1 4 9
Wash 8 8 7 6 6 7
Decoy DOD
LCSS Woodl
1 5 1 6 1 5 1 5 1 5 1 5
Decoy W.
Germ. Wood
Net
9 9 8 8 8 1 0
T72 Mural
DODWoodland
1 1 1 2 1 3 1 3 1 3 5
Junk Tank
LCSS Desert
1 2 1 1 1 0 1 0 1 0 1 2
Alum Pad
Decoy
6 6 6 7 7 8
Alum Turret 10 1 0 9 9 9 1 1
Rank Order
Coefficient
0.8382 0.8407 0.8137 0.8199 0.8235 0.7843
77
Table 5.7. Material rankings and ROCs for DIRSIG/Daedalus comparison.
JCCD, 10-22-95, 0930 @ 500 feet, Channels 7 through 12.
DIRSIG
Materials
Channel 7
Ranks
Channel 8
Ranks
Channel 9
Ranks
Channel 10
Ranks
Channel 11
Ranks
Channel 12
Ranks
2% 15 1 5 15 15
12% 1 4 1 4 1 3 1 1
24% 1 0 1 0 8 5
36% 5 5 5 6
48% 2 2 3 3
60% 1 1 1 2
DP 13 1 3 1 0 8 2 3
Road 6 6 4 4 3 2
Shadow 16 1 6 1 6 1 7 8 9
Mixed Veg 9 9 1 1 1 2 5 5
Wash 4 4 2 1 4 4
Arrovo Decov 1 1 1 1 1 2 1 3 1 0 7
Center 1
Decoy
12 1 2 1 4 1 4 6 6
DOD Woodland
Camo Panel
7 8 7 7 9 10
Center 2
Decov
8 7 6 9 7 8
Alum Decoy 3 3 9 1 0 1 1 1 1
Alum Turret 1 7 1 7 1 7 16 1 1
Daedalus
Materials
Channel 7
Ranks
Channel 8
Ranks
Channel 9
Ranks
Channel 10
Ranks
Channel 11
Ranks
Channel 12
Ranks
2% 1 6 1 6 1 6 1 5
12% 1 4 1 4 1 4 1 1
24% 7 7 8 5
36% 6 6 5 6
48% 4 4 4 4
60% 1 1 2 3
DP 13 13 1 1 9 1 1
Road 2 2 1 1 4 4
Shadow 1 7 1 7 1 7 1 7 1 0 10
Veg 5 5 1 2 1 4 8 8
Wash 8 8 7 8 5 5
Decoy DOD
LCSSWoodl
1 5 1 5 1 5 1 6 9 9
DecoyW.
Germ. Wood
Net
1 1 1 1 9 1 0 6 6
T72 Mural
DODWoodland
3 3 3 2 7 7
Junk Tank
LCSS Desert
10 1 0 1 0 12 2 2
Allum Pad
Decoy
9 9 6 7 1 1 1 1
Alum Turret 1 2 1 2 1 3 1 3 3 3
Rank Order
Coefficient
0.8015 0.7843 0.8382 0.8260 0.7727 0.6727
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The material rankings for each comparison were made, for the most
part, from mean scores of large populations within each category. Alum
Turret in the DIRSIG is one exception where the mean score is from four
pixels, but this represented the total number of pixels available. Table 5.8
catalogues the number ofpixels utilized in each material category for both the
Daedalus and SIG scene in all five comparisons. The scenes are listed as D-l
to S-4 followed by the times of their flights or simulations. Naming
conventions for camouflage decoys and vehicles follow those of the SIG scenes.
Table 5.8 Material Counts for Daedalus / SIG Comparisons
Materials D-l
1030
S-l
1030
D-2
0630
S-2
0630
D-3
1115
S-3
1115
D-4
0930
S-4
0930
2% 52 25 72 16 46 36
12% 59 25 79 16 33 36
24% 49 17 52 18 30 35
36% 59 20 45 16 28 36
48% 52 25 46 14 25 33
60% 56 33 53 14 30 30
DP 2277 1360 1669 1446 2431 1446 1225 1514
Road 1946 390 404 273 933 273 176 282
Scud 100 85 63 93 93 93
Shadow 301 78 119 43 78 43
Tank 260 183 119 125 148 125
Veg 810 290 118 190 157 190 220 127
Wash 1446 975 1984 2222 1619 2222 448 1552
T72
Arroyo
263 112
Scud
Wash 1
293 118
Arroyo
Decoy
126 73
Center 1
Decoy
101 48
Center 2
Decoy
634 25
Woodl
Panel
242 49
Alum
Decoy
115 21
Alum
Turret
88 4
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Rank order coefficients over all four comparisons ranged from a high of
0.9560 in channel five of the Malapai comparison on 10-21-95 at 1115 to a
low of 0.4857 in channel 11 of the 0630 Malapai comparison on 10-21-95.
Among the three day time simulations, no single channel consistently
performed above or below the rest. Overall, the JCCD simulation produced
the lowest ROC over the first ten channels, but their values were the most
consistent ranging from a high of 0.8407 to a low of 0.7843. Seventeen
materials were ranked in this simulation, four ofwhich included camouflage
materials and two others were components of a decoy. Contrary to their
values in the first ten channels, the MWIR and LWIR ROC values from JCCD
simulation ranked higher than those from the 10-20-95 1030 Malapai
simulation.
5.1.1 DIRSIG / Daedalus Comparison: Malapai, 10-20-95 @ 1030
While general comparisons among the four test cases outlined above
may highlight some trends, it is probably more instructive to view each test
case separately considering the variation in material categories among them.
In the first case, Malapai, 10-20-95 at 1030, the ROCs ranged from a high of
0.9341 in channel two to a low of 0.5357 in channel twelve, which
encompasses the LWIR region of the spectrum from 7.6 to 14.0 nm. While the
ROC error in channel 12 was spread among six of the seven materials, this
was not the pattern for the first ten channels. Here, two materials accounted
for the majority of the ROC error: Scud and Veg. In looking at the material
ranks across all bands, the Scud category accounts for a large portion of the
error in the first ten channels. The discrepancy between the Scud ranking in
the two scenes may result from the choice the author made in characterizing
the material facets that make up the model. The source of the data from
which the emissivity files for both the body of the vehicle and the missile were
generated was the R20 vehicle while the vehicle positioned in the lower region
ofMalapai in this particular Daedalus scene was George. R20 data was
chosen for the basis of the emissivity files for the simulations since data was
available for all the regions of the spectrum in which we were conducting
simulations. Data characterizing George however, was only available in the
MWIR and LWIR regions. Figure 5.1 below illustrates the difference in
radiance values between the two vehicles in the 8 to 14 micron window. The
plots represent average radiance values over all the Bomem FTS files for each
material, where the time difference between the different collections is
roughly ten minutes. While these plots do not tell us what is happening short
of eight microns, they do depict a difference between the two vehicles; a
difference that may extend to other regions of the spectrum. Although they did
not characterize George, Satterwhite and Fischer (1995), do indicate that the
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Figure 5.1. Radiance Comparisons Between R20 and George.
R20 spectra ofboth the vehicle and missile were similar in the 0.35 to 0.7
micron region, and that the missile spectra was very low in the NIR to SWIR
region between 0.8 and 2.5 microns. The latter is consistent with the material
rankings observed above, where the DIRSIG model (R20), had low rankings
overall. However, it should also be noted that the above Scud category in the
Daedalus and DIRSIG scenes bundled both the vehicle and missile pixels into
one. Considering the factors just outlined, it may be prudent to eliminate the
Scud category from the ROC calculations. Table 5.9 below, illustrates the
effect of the Scud category on the ROCs for all channels by comparing the
metric calculated with and without the category. The first ten channels show
improvements in ROC without the Scud category while channels 11 and 12
ROCs decrease.
Table 5.9. ROC Comparison with and without the Scud Category.
Malapai, 10-20-95,1030 @ 1000 feet
Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6
ROC with Scud 0.9231 0.9341 0.8736 0.8901 0.9066 0.8571
ROC without
Scud
0.9790 0.9860 0.9441 0.9650 0.9860 0.9231
Channel 7 Channel 8 Channel 9 Channel 10 Channel 11 Channel 12
ROC with Scud 0.8297 0.8462 0.8791 0.9121 0.6786 0.5357
ROC without
Scud
0.9091 0.9021 0.9021 0.9371 0.6000 0.3714
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The discrepancy in the Veg material category between the two scenes
perhaps can be attributed to the author's sampling technique in identifying
pixels of each material category. Selecting vegetation pixels in the DIRSIG
scene is a straight-forward process. You simply hand select the individual
pixels, and if there is any doubt you can first create a material map and build
your material regions from it. Generally, though, there was enough contrast
between the vegetation pixels and the background to easily differentiate the
two. However, in the Daedalus scene the selection process could have easily
incorporated shadow as well as background pixels within the vegetation
category. Figure 5.2 below compares vegetation radiance values from DIRSIG
and Daedalus scenes with the minimum, maximum and mean levels plotted.
The Daedalus plot clearly illustrates a wide deviation from the mean
questioning, perhaps, the purity of the selection. It should be noted, however,
that the natural vegetation in the Western Rainbow study site was sparse
and scrub-like and as such, one can generally see through it to the ground. The
pixels then, are likely mixtures ofvegetation and background materials. This
mixture, along with any errant shadow and pure background pixels, would
tend to hold back the vegetation ranks from the peaks in channels 7 and 8 as
is seen with the DIRSIG rank orders. Indeed, this contamination with other
materials would result in lower ranks across all the channels which is what
their material rankings demonstrate.
A second DIRSIGmaterials ranking was conducted from the original
samples utilizing a mixed vegetation category. DIRSIG Vegetation radiance
values were convolved with wash and shadow samples, where the latter
contributed 25 percent of their original values to the mix. Figure 5.3 below
compares radiance values from the convolved vegetation sample with the
original Daedalus vegetation sample. As predicted, the mean value of the
DIRSIG sample was lowered in the peak NIR region through channels seven
and eight. Resultant ranks for the DIRSIG vegetation category dropped from
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Figure 5.2. Radiance Comparison between Veg Categories ofDIRSIG and Daedalus scenes
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Figure 5.3. Radiance Comparison between Convolved DIRSIG Veg Category with Original
Daedalus Veg Category.
three to six in channels seven and eight bringing them more in line with the
Daedalus ranks of eight in both channels. Eight channels were affected by the
change to a mixed vegetation material category. Of those, seven experienced
an increase in the resulting ROC, while only one posted a decline. Channel 10
was the lone channel whose ROC declined while channels three, six through
nine, 11 and 12 all posted increases. Table 5.10 below charts the difference in
ROCs resulting from the two different vegetation categories.
Table 5. 10. ROC Comparison with the Original andMixed Veg Categories.
Malapai, 10-20-95,1030 @ 1000 feet
Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6
ROC with
Orig Veg
0.9231 0.9341 0.8736 0.8901 0.9066 0.8571
ROC with
Mixed Veq
0.9231 0.9341 0.8901 0.8901 0.9066 0.8791
Channel 7 Channel 8 Channel 9 Channel 10 Channel 11 Channel 12
ROC with
Orig Veg
0.8297 0.8462 0.8791 0.9121 0.6786 0.5357
ROC with
Mixed Vea
0.8956 0.9121 0.9066 0.8846 0.8214 0.6786
5.1.2 DIRSIG / Daedalus Comparison: Malapai, 10-21-95 @ 0630
The second test case, Malapai, 10-21-95 at 0630, only compares
channels 11 and 12 and consequently looks at fewer materials since we lacked
emissivity data for the reflective panels in this region of the spectrum. As
figure 5.3 indicates the ROC for channels 11 and 12 were 0.4857 and 0.8286
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respectively. The majority of the ROC error in channel 11 resulted from the
road material category, which differed in rank by three, followed by both the
desert pavement and wash materials where the difference in rank was two. In
channel 12, only the wash category differed in rank by two, and three of the six
materials had equal ranks: desert pavement, scud and vegetation.
The original Veg category, which ranked six of seven in both channels
11 and 12 in the first test case above, a day light run, ranks number one in
both channels here. A mixed vegetation category, prepared in the manner
described above, did result in a lower mean radiance value for the category,
but still ranked number one overall. The ranking is certainly consistent with
what is visible in the Daedalus scene, as the areas of vegetation seem to glow.
Figure 5.4 below illustrates this phenomenon in both the Daedalus scene and
compares it with the DIRSIG scene.
Air temperatures collected during the study period indicate that this
time period is typically the low point of the day, with the temperature at the
time of this collection registering at 19.23 C. The author assumes that the
vegetation temperature would closely approximate that of the air and
therefore would not normally appear as hot spots in the scene. A comparison
of the DIRSIG and Daedalus vegetation temperatures indicate that the
former is a closer approximation of the Western Rainbow air temperature
than the latter, registering 18.635 and 16.985 respectively. A comparison of
additional material temperatures between the two scenes continues this
trend: the DIRSIG materials typically register higher temperatures, often by
four or five degrees C. Temperatures differences between the two sets of
reflective panels are even greater. Here, the DIRSIG temperatures ranged
from 18.218 to 19.012 C while the Daedalus temperatures measured 9.018 to
10.118 C. Again, the author expected the panel temperatures to closely
approximate air temperatures at this time of day.
Figure 5.4. Daedalus/DIRSIG Vegetation Comparison. Vegetation is seen as bright
regions in the Daedalus scene. In the DIRSIG scene six trees can be seen as light patches
against a dark desert pavement background, bordering the road in the lower portion of the
scene. Malapai, 10-21-95 @ 0630, Channel 12.
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While the Daedalus vegetation temperature is lower than both the
measured air temperature and the DIRSIG vegetation temperature, its scene
structure is similar to that observed in the SEBASS scenes at the same time
of day. That the observed Daedalus phenomenology is consistent with
SEBASS suggests, perhaps that the problem here is twofold. First, Daedalus
temperatures seem to be biased downward, by as much as eight or nine
degrees, indicating that their calibration procedure is suspect, and second,
although DIRSIG vegetation temperatures are the highest in their scene, the
scene structure does not mimic that ofwhat is observed in Daedalus and
SEBASS. The latter may be a result of both how the tree models were
constructed and placed in the scene, as well as how DIRSIG determines the
temperature of a facet. The tree model is built around a single trunk with two
or three branches and a number of triangular facets for leaves, and they were
placed in the scene as single entities. Perhaps a more accurate model would
have multiple trunks with leaves lower to the ground, and grouped together to
produce a more thatched like appearance.
What is being observed in the Daedalus and SEBASS scenes, I believe,
is the vegetation acting as a trap for the heat released by the desert pavement
and wash materials below it slowing down the rate of radiative cooling in
these regions. Bright areas of vegetation then, are not so much a function of
any inherent properties of the vegetation, but rather a manifestation of the
heat from the surrounding background that is trapped and held back by the
vegetation, i.e., the vegetation is slowing the rate of radiational exchange
between the ground material and the air. Daedalus material temperatures, if
they were corrected upward, could produce vegetation temperatures warmer
than the ambient air temperature, which would be consistent with the
explanation just presented. DIRSIG too, may be better able to replicate this
phenomenon if it utilizes the shape factor when determining the temperature
of a facet.
5.1.3 DIRSIG / Daedalus Comparison: Malapai, 10-21-95 @ 1115
The third test case above, Malapai, 10-21-95 at 1115 mimics the
trends of the first case. Three obvious differences however, as can be seen in
tables 5.4 and 5.5 above, are the exclusion of the scud material category, the
replacement of the DIRSIG vegetation category with a mixed vegetation
material, and the inclusion of camouflage materials. Figure 5.5 illustrates a
portion of the Daedalus scene where two T72 tanks, situated on open desert
pavement were covered with different camouflage materials. Their
counterparts in the DIRSIG scene, shown in Figure 5.6, were a T72 and a scud
model placed in defilades and covered with similar camouflage materials.
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The model of the scud was used in place of a second T72 because its
camouflage treatment was a closer match to that used in the Daedalus scene.
Milken desert tarp was the material used in the truth scene while a model of
USAF ULCAN desert fallon was used in the DIRSIG scene. The camouflage
treatment used for the first comparison, DoD, LCSS tricolored desert
camouflage, was the same for both the Daedalus and DIRSIG scenes.
Figure 5.5. Daedalus Scene, Malapai, 10-21-95 @ 1115. Five tanks are situated on open
desert pavement. T72_l is covered with DoD LCSS tricolored desert camouflage, while
T72_2 is covered with milken desert tarp. The image is a grayscale representation of
channel 12, the 8 to 14 micron region.
Figure 5.6. DIRSIG Scene, Malapai, 10-21-95 @ 1115. Two defilades, one containing a
model of a T72 and the other a Scud, are marked with arrows. The image is a grayscale
representation of channel 12, the 8 to 14 micron region.
Resultant ranks between the two material categories where both the
camouflage material and vehicle differed were surprisingly close. Their ranks
differed by a high of three in channel two, and were even in channel 12. In the
case where both the camouflage material and vehicle were the same, the
ranks differed by a high of six in channels one and two, and by one in channels
five, 11, and 12. Perhaps a contributing factor to the poor performance in the
matched pair in the visible region of the spectrum: channels one through
three, was the manner in which the camouflage material was characterized.
The JHU measurements averaged the reflectance of the three colors
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(Salisbury, 1997), in the tricolored net and consequently the model generated
from these measurements appears as a monochrome material. In the second
case, where the materials differed, neither was multicolored, and as indicated
above, their rankings didn't vary as widely.
The mixed vegetation category did appear to hold back DIRSIG
radiance values in channels seven and eight, where the resultant ranks
differed from their Daedalus counterparts by two. However, the gap widened
to four in channels three, four and six, and reached five in channel nine. This is
still an improvement over what was reported above in theMalapai 1020,
1030 simulation. As can be seen in tables 5.1 and 5.2, vegetation ranks
differed by five in four channels in a simulation that had fewer materials
ranked.
5.1.4 DIRSIG / Daedalus Comparison: JCCD, 10-22-95 @ 0930
The fourth test case above, JCCD, 10-22-95 @ 0930 utilizes more
materials than any of the previous three cases, with 17 materials
characterized in the first 10 channels and 11 materials characterized in
channels 11 and 12. The ROCs for the first ten channels range from a high of
0.8407 in channel 2 to a low of 0.7843 in channels six and eight. This test
case, on average, performed below that of the previous two daylight
simulations across the first 10 channels, but their ROC values fluctuated
less. The simple explanation is that this comparison included more
camouflage materials than any of the previous three and that these materials
in general were not as well characterized over this spectral region as were
other materials in the scene. Of the four camouflage materials chosen for the
simulation only two were consistent with the naming conventions of the
materials used during the study period.
With the exception of the material comparison between the Junk Tank,
LCSS Desert in the Daedalus scene with the Center 2 Decoy in the DIRSIG
scene, the camouflage materials did perform better in the MWIR and LWIR
regions of the spectrum, channels 11 and 12 respectively, than they did in
channels one through 10. The Daedalus decoy was much brighter here than its
DIRSIG counterpart, differing in rank by five and six in channels 1 1 and 12
respectively. Propane burners were utilized as part of the decoy deployments
in the JCCD site, and if functioning here, could account for this sudden rank
discrepancy in the MWIR and LWIR regions.
A mixed vegetation category was utilized in the JCCD simulation and
did perform better, but still differed in rank by five in channel three. However,
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more materials were ranked in this simulation and the ranking did improve
in other channels. Channel six ranks were even, channels nine and ten only
differed by one and two respectively. The discrepancy in channels three, where
the spectral response is in the green region of the spectrum: 0.5 - 0.625
microns, may be due to differences in the make-up of the vegetation sampled
for the rank order comparison, and that measured by the field crews from
which our emissivity files were generated. The latter were generated from
healthy samples. The pixels sampled here, however, likely contained a
mixture of healthy and senescent vegetation, and possibly even background
regions. This mixture would likely reduce the signal in the green region, which
is what we are experiencing here.
Of the five decoys utilized in the simulation, the comparison between
the aluminum decoy in the JCCD scene with its fabricated counterpart in the
DIRSIG scene, consistently produced the widest deviations in ranks. In the
truth scene the decoy was fabricated from an aluminum landing pad, scrap
wood, and an iron pipe. Similar materials were used to build the model decoy
for the DIRSIG scene. However, since the only ground truth data available
from the study site for this decoy did not differentiate between the different
materials, the author relied on generic emissivity data from the DIRSIG and
NEFF databases to characterize the two major components: aluminum and
wood.
Differences in rank between the aluminum pads in the two scenes
varied from a high of six in channels seven and eight to zero in channels 11
and 12. The DIRSIG model tracked consistently for the first eight channels
where it ranked at either two or three, but jumped to ninth and tenth in
channels nine and ten respectively. The Daedalus decoy, on the other hand,
did not experience this same jump in ranks. It tracked consistently through
the first ten channels where it ranged from sixth to ninth. Both materials
however, ranked eleventh in channels 11 and 12. The turret material for the
aluminum decoy in both scenes differed by as many as eight in channels three
and four but only differed by two in channels 11 and 12. They tracked fairly
consistently through all twelve channels with the DIRSIG material ranging
from a rank 16 to 17 through the first ten channels, while the Daedalus
material ranged from nine to 12 over this same range. In channels 11 and 12
the Daedalus material ranked number three, while its DIRSIG counterpart
ranked number one.
The four reaming decoys with various camouflage treatments generally
performed better than the aluminum caparison outlined above. Two of the
four decoy comparisons deployed the same camouflage treatments, while
two others relied on different camouflage treatments for the comparison.
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One pair that utilized the same camouflage treatment was the DIRSIG
Arroyo Decoy and its Daedalus counterpart: Decoy DoD LCSS Woodl. Both
decoys were deployedwith DoD, LCSS woodland camouflage. Rankings
between the pair were close throughout the entire 12 channels, differing by
one in channel 11 and by two in six other channels. The widest rank
discrepancy was four in channels seven and eight.
The same camouflage material was again utilized in the comparison
between DoD Woodland Camo Panel in the DIRSIG scene with T72Mural
DoD Woodland in the Daedalus scene. In this case, however, the material was
placed directly on the ground: desert pavement in the DIRSIG scene and a
wash region in the Daedalus scene. The two panels differed in rank by four
and three in channels one and two receptively, but the gap narrowed to one in
channels three, four and five. An increase in signal was observed in the NIR
and SWIR regions, from channels six through ten, for both materials, but the
mural in the Daedalus scene increased more dramatically than its DIRSIG
counterpart.
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Figure 5.7. Reflectance and Transmission Curves for DoD, LCSS Woodland Camouflage
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Figure 5.7 above, graphs both the percent reflectance and transmission
of this particular camouflage material. Daedalus channel six, which spans the
region from 0.645 to 0.790 microns encompasses the region of the most
rapidly changing reflectance. The Daedalus panel jumped in rank from
number 13 to five between channels five and six. The DIRSIG panel also
increased in rank between these two channels, but not to this degree. As
mentioned above, the DIRSIG panel was placed on desert pavement, which, as
tables 5.6 and 5.7 indicate, had lower radiance levels than the wash
materials in these regions. Perhaps, then, the more dramatic increase in the
Daedalus signal is due to a greater overall contribution from the underlying
wash material. The transmission curve in figure 5.7 provides some clue as to
the overall contribution that these underlying materials may play.
Ranks of the Center 1 Decoy in the DIRSIG scene, which was covered
with USAF, ULCAN Woodland camouflage, and the Decoy with German
Woodland Net in the Daedalus scene, did not differ much from the previous
two examples where the camouflage materials were the same. In channels
one through five the pair differed in rank by three and four while in channels
six through eight the gap narrowed to one. The gap widened to five and four in
channels nine and ten respectively, but was zero in channels 11 and 12.
A second pair of decoys whose camouflage treatments differed, the
DIRSIG Center 2 decoy and its Daedalus counterpart, Junk Tank LCSS
Desert, also exhibited similar rankings to the previous pairs over the first ten
channels. As mentioned above, however, their channel 11 and 12 rankings
differed by five and six respectively.
Overall, rankings between the four decoy pairs employing camouflage
materials did not differ. There was no dramatic loss in performance when
dissimilar camouflage treatments were employed in a decoy pairing. As
mentioned earlier, the largest error in rank was encountered with the
materials utilized for the aluminum landing pad decoy, where the author
relied on generic emissivity data to characterize the two different materials.
As a reference, table 5.10 below, compares the ROCs for the JCCD simulation
with and without these materials. As the table indicates, ROCs improved in
10 of the 12 channels, remained essentially the same in one, and declined in
one. The latter was channel 12, where the original material ranks had been
similar.
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Table 5.11. ROC Comparison with and without Alum Decoy and Alum Turret materials.
JCCD, 10-22-95, 0930 @ 500 feet
Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6
ROC with
Alum 0.8382 0.8407 0.8137 0.8199 0.8235 0.7843
ROC without
Alum 0.9107 0.9179 0.9036 0.9179 0.9286 0.8536
Channel 7 Channel 8 Channel 9 Channel 10 Channel 11 Channel 12
ROC with
Alum 0.8015 0.7843 0.8382 0.8260 0.7727 0.6727
ROC without
Alum 0.8571 0.8357 0.8500 0.8250 0.8364 0.5500
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5.2 DIRSIG /HYDICE Comparison
Figures 5.8 and 5.9 compare the spectral signatures of six materials
from the HYDICE truth scene with those of the DIRSIG simulation
respectively. Twelve materials were utilized in the scene comparisons, but the
reflective panels were left out of these two plots. The individual plots
represent the mean values from sample populations which varied in size in
the DIRSIG scene from a high of 962 samples for the DP category to a low of
17 samples for the shadow category. Populations for the same materials in
the HYDICE scene were 98 and 25 samples respectively. Although the author
did not attempt to collect similar sample populations across the same
material category, one reason for the large discrepancy in numbers is that the
ground sample distance (GSD), for the HYDICE scene was roughly four times
that of the DIRSIG scene. Rather than setting up the DIRSIG sensor model to
match the GSD of the HYDICE scene, the author chose a focal length that just
covered the full extent of the DIRSIG scene.
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Figure 5.8. Spectral Comparison ofSix Materials from HYDICE truth scene.
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Figure 5.9. Spectral Comparison of Six Materials from DIRSIG simulation of
HYDICE scene utilizing convolved data.
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Figure 5. 10. Spectral Comparison of SixMaterials from DIRSIG simulation of
HYDICE scene from unconvolved data.
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The radiance values for the two sets of plots are both expressed as
W/m*2stjum. DIRSIG radiance values, however, were initially expressed as
W/mA2 st. They were converted to W/mA2 st jum by dividing the mean
radiance value by the channel bandpasses and then were convolved with a one
by three kernel with coefficients of 0.5, 1.0 and 0.5 in order to compensate for
the acute spectral character of the raw DIRSIG data. The latter resulted from
insufficient overlap between contiguous channels as they were identified in
the scene node file. Figure 5.10 above illustrates the spectral character of the
raw DIRSIG spectra before it was softened with the convolver. The original
vegetation spectra is plotted here in place of the mixed vegetation category of
figure 5.9 and consequently provides a means for comparison between the two.
All three sets of spectra are similar in shape and prominent absorption
features centered at approximately channels 63, 75, and 88 are present in
each. In addition to sharing comparable spectral shape, the three sets of plots
demonstrate that the mean radiance values produced by DIRSIG are roughly
comparable to those from HYDICE. The degree of spectral character evident in
figure 5.8, the convolved DIRSIG spectra, appears to be a closer
approximation of the HYDICE spectra than the raw DIRSIG data plotted in
figure 5.9. It should be noted here, however, that the material and channel
ranks discussed below were calculated for both sets ofDIRSIG spectra. While
there was virtually no difference in the resultant material ROCs, the channel
ROCs fluctuated in their response. Of the channel regions ranked for two
different materials, some posted higher ROCs, some lower, and others
remained the same.
5.2.1 DIRSIG/HYDICE Material ROC Comparisons
Tables 5.12 through 5.18 compare the material rankings of the DIRSIG
and HYDICE scenes and their ROCs for various channels throughout the
spectral response of the sensor. Twelve materials were compared, six ofwhich
were reflective panels. Forty eight channels, in groups of either six or 12, were
chosen throughout various regions of interest for comparison. The three sets of
plots above, figures 5.7 through 5.9, can be used as a reference to determine
which regions and features within the sensor's response were sampled.
Atmospheric water absorption bands centered about 1.4 and 1.9 (im were
zeroed out in the TEC data from which the HYDICE material emissivity files
were created, and consequently were not included in any of the sample
regions. They extend from 1.35 to 1.45 and 1.8 to 2.14 |im which correspond to
the HYDICE channels of 104 to 109 and 139 to 170.
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Resultant ROCs ranged from a high of 0.9790 in channel 18, which lies
in the blue region from 0.4523 to 0.4628 um, to a low of 0.8450 in channel 74
which lies in the NIR region from 0.9155 to 0.9521 um. Again, the largest
source ofROC error was due to the Veg category which differed in rank by one
in channel 18 and by five in channel 74. As was pointed out above, in reference
to the Daedalus and DIRSIG comparisons, the discrepancy in ranks within the
Veg category may be attributed to the sampling technique. The author
believes that the HYDICE Veg category is contaminated with both shadow,
background and senescent vegetation, the effects ofwhich would reduce the
observed radiance values. This reduction would be greatest in the NIR region
where five vegetation typically is a strong reflector. Indeed, the Veg category
differed in rank by five throughout this entire sampling region, from channel
70 to 81 which spans the region from 0.8612 to 1.0160 um in the NIR region of
the spectrum. The high ranking of the Veg category in the DIRSIG scene, on
the other hand, is due to the fact that the category does not contain any
deviant materials. Veg ranks in the blue region are more in fine with each
other since the difference in reflectance between the vegetation and errant
materials is not as great in this region.
A second factor that may also contribute to the discrepancy between
the Veg ranks is that channel 74 is located in a water absorption band at
approximately 0.94 um. There is, perhaps, less room for error in this region as
all the material spectra tend to be compressed together. Indeed, this is why
the region was selected for comparison. It may provide a better measure of the
model's performance than an area of more stable spectra.
In order to substantiate the explanation just presented for the observed
differences in vegetation ranks, the author conducted a second ranking from
the original samples utilizing a mixed vegetation category. The same method
described above in section 5.1.1 for creating the mixed vegetation category
was utilized here. A comparison of the spectra in figures 5.8 and 5.9 above
does illustrate the affect of the mixture on the radiance values. If this mixture
is a closer approximation to the HYDICE vegetation sample, an improvement
in ranks and subsequent ROCs should be observed. Table 5.19 below charts
the resultant ROCs with the two different vegetation categories. As can be
seen, the mixed vegetation category resulted in either an improvement, or no
net gain through channel 123. Channels 193 through 198 however,
experienced a slight decline. The largest gains were in the NIR region of the
spectrum with channel 59, centered at approximately 0.732 um, posting the
largest improvement from 0.9161 to 0.9790. The largest decline, on the other
hand, was posted in channels 197 and 198 where the ROC fell from 0.9371 to
0.8881. Generally speaking, however, where the ROCs were steady, and even
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in some cases where the ROC declined, the difference in ranks between the
HYDICE vegetation and DIRSIG mixed vegetation categories still improved.
Table 5. 12. Material rankings and ROCs for DIRSIG/HYDICE comparison.
Malapai, 10-21-95, 1200 @ 10220 feet, Channels 10 through 15.
DIRSIG
Materials
Channel 10
Ranks
Channel 11
Ranks
Channel 12
Ranks
Channel 13
Ranks
Channel 14
Ranks
Channel 15
Ranks
2% 1 1 1 1 1 1 1 1 1 1 1 1
12% 8 8 8 8 8 8
24% 4 4 4 4 4 4
36% 3 3 3 3 3 3
48% 2 2 2 2 2 2
60% 1 1 1 1 1 1
DP 10 1 0 1 0 1 0 10 1 0
Road 5 5 5 5 5 5
Shadow 12 1 2 1 2 1 2 1 2 1 2
Tank 7 7 7 7 7 7
Veg 9 9 9 9 9 9
Wash 6 6 6 6 6 6
HYDICE
Materials
Channel 10
Ranks
Channel 11
Ranks
Channel 12
Ranks
Channel 13
Ranks
Channel 14
Ranks
Channel 15
Ranks
2% 12 1 2 1 2 1 2 1 2 1 2
12% 6 6 6 6 6 6
24% 4 4 4 4 4 4
36% 3 3 3 3 3 3
48% 2 2 2 2 2 2
60% 1 1 1 1 1 1
DP 9 9 9 9 9 9
Road 5 5 5 5 5 5
Shadow 1 1 1 1 1 1 1 1 1 1 1 1
Tank 8 8 8 8 8 8
Veq 1 0 10 10 1 0 10 1 0
Wash 7 7 7 7 7 7
Rank Order
Coefficient
0.9650 0.9650 0.9650 0.9650 0.9650 0.9650
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Table 5. 13. Material rankings and ROCs for DIRSIG/HYDICE comparison.
Malapai, 10-21-95, 1200 @ 10220 feet, Channels 16 through 21.
DIRSIG
Materials
Channel 16
Ranks
Channel 17
Ranks
Channel 18
Ranks
Channel 19
Ranks
Channel 20
Ranks
Channel 21
Ranks
2% 1 1 1 1 1 1 1 1 1 1 1 1
12% 9 9 8 9 9 9
24% 4 4 4 4 4 4
36% 3 3 3 3 3 3
48% 2 2 2 2 2 2
60% 1 1 1 1 1 1
DP 10 1 0 1 0 1 0 10 1 0
Road 5 5 5 5 5 5
Shadow 1 2 1 2 1 2 1 2 1 2 1 2
Tank 7 7 7 7 7 7
Veg 8 8 9 8 8 8
Wash 6 6 6 6 6 6
HYDICE
Materials
Channel 16
Ranks
Channel 17
Ranks
Channel 18
Ranks
Channel 19
Ranks
Channel 20
Ranks
Channel 21
Ranks
2% 12 1 2 1 2 1 2 1 2 1 2
12% 6 6 7 7 7 7
24% 4 4 4 4 4 4
36% 3 3 3 3 3 3
48% 2 2 2 2 2 2
60% 1 1 1 1 1 1
DP 9 9 9 9 9 9
Road 5 5 5 5 5 5
Shadow 1 1 1 1 1 1 1 1 1 1 1 1
Tank 8 8 8 8 8 8
Vea 1 0 1 0 1 0 1 0 1 0 1 0
Wash 7 7 6 6 6 6
Rank Order
Coefficient
0.9371 0.9371 0.9790 0.9580 0.9580 0.9580
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Table 5. 13. Material rankings and ROCs for DIRSIG/HYDICE comparison.
Malapai, 10-21-95, 1200 @ 10220 feet, Channels 55 through 60.
DIRSIG
Materials
Channel 55
Ranks
Channel 56
Ranks
Channel 57
Ranks
Channel 58
Ranks
Channel 59
Ranks
Channel 60
Ranks
2% 1 1 1 1 1 1 1 1 1 1 1 1
12% 10 10 1 0 10 10 10
24% 6 7 7 7 7 7
36% 3 3 3 3 4 5
48% 2 2 2 2 2 2
60% 1 1 1 1 1 1
DP 9 9 9 9 9 9
Road 5 5 5 6 6 6
Shadow 12 1 2 12 1 2 1 2 1 2
Tank 8 8 8 8 8 8
Veg 7 6 6 5 3 3
Wash 4 4 4 4 5
HYDICE
Materials
Channel 55
Ranks
Channel 56
Ranks
Channel 57
Ranks
Channel 58
Ranks
Channel 59
Ranks
Channel 60
Ranks
2% 12 1 2 1 2 1 2 1 2 1 2
12% 9 9 9 1 0 1 0 1 0
24% 6 6 6 6 6 6
36% 3 3 3 3 3 3
48% 2 2 2 2 2 2
6 0% 1 1 1 1 1 1
DP 8 8 8 9 9 9
Road 4 4 4 4 4 4
Shadow 1 1 1 1 1 1 1 1 1 1 1 1
Tank 7 7 7 7 8 8
Vea 1 0 1 0 1 0 8 7 7
Wash 5 5 5 5 5 5
Rank Order
Coefficient
0.9441 0.9161 0.9161 0.9371 0.9161 0.9021
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Table 5.15. Material rankings and ROCs for DIRSIG/HYDICE comparison.
Malapai, 10-21-95, 1200 @ 10220 feet, Channels 61 through 66.
DIRSIG
Materials
Channel 61
Ranks
Channel 62
Ranks
Channel 63
Ranks
Channel 64
Ranks
Channel 65
Ranks
Channel 66
Ranks
2% 1 1 1 1 1 1 1 1 1 1 1 1
12% 10 1 0 10 1 0 10 1 0
24% 7 7 7 7 7 7
36% 4 5 5 5 5 5
48% 2 2 2 2 3 3
60% 1 1 1 1 1 1
DP 9 9 9 9 9 9
Road 6 6 6 6 6 6
Shadow 1 2 1 2 1 2 1 2 1 2 1 2
Tank 8 8 8 8 8 8
Veg 3 3 3 3 2 2
Wash 5 4 4 4 4 4
HYDICE
Materials
Channel61
Ranks
Channel 62
Ranks
Channel 63
Ranks
Channel 64
Ranks
Channel 65
Ranks
Channel 66
Ranks
2% 12 1 2 1 2 12 1 2 1 2
12% 10 1 0 1 0 10 1 0 10
2 4% 6 6 6 6 6 6
36% 3 3 3 3 4 3
48% 2 2 2 2 2 2
60% 1 1 1 1 1 1
DP 9 9 9 9 9 9
Road 4 4 4 4 3 4
Shadow 1 1 1 1 1 1 1 1 1 1 1 1
Tank 8 8 8 8 8 8
Vea 7 7 7 7 7 7
Wash 5 5 5 5 5 5
Rank Order
Coefficient
0.9161 0.9021 0.9021 0.9021 0.8601 0.8601
The remainder of the materials in the comparison tracked closely to
each other, differing at most by three across either a single channel or a
narrow set of channels. The road category differed by three in channels 65 and
74, while the 12 and 36 percent reflectors fell into the above category for
channels 16 and 17, and 76 through 78 respectively. In the remainder of the
cases, the material ranks were within two or less of each other, and in many
cases, they often shared identical ranks over large sets of channels.
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Table 5. 16. Material rankings and ROCs for DIRSIG/HYDICE comparison.
Malapai, 10-21-95, 1200 @ 10220 feet, Channels 70 through 75.
DIRSIG
Materials
Channel 70
Ranks
Channel 71
Ranks
Channel 72
Ranks
Channel 73
Ranks
Channel 74
Ranks
Channel 75
Ranks
2% 11 1 1 1 1 1 1 1 1 1 1
12% 1 0 1 0 1 0 1 0 1 0 1 0
24% 7 7 7 7 7 7
36% 5 5 5 5 5 5
48% 3 3 3 3 3 3
60% 1 1 1 1 1 1
DP 9 9 9 9 9 9
Road 6 6 6 6 6 6
Shadow 1 2 1 2 12 12 1 2 1 2
Tank 8 8 8 8 8 8
Veg 2 2 2 2 2 2
Wash 4 4 4 4 4 4
'
HYDICE
Materials
Channel 70
Ranks
Channel 71
Ranks
Channel 72
Ranks
Channel 73
Ranks
Channel 74
Ranks
Channel 75
Ranks
2% 12 1 2 1 2 1 2 1 2 1 2
12% 1 0 1 0 1 0 1 0 1 0 10
24% 6 6 6 6 6 6
36% 3 3 3 3 4 3
48% 2 2 2 2 2 2
6 0% 1 1 1 1 1 1
DP 9 9 9 9 9 9
Road 4 4 4 4 3 4
Shadow 1 1 1 1 1 1 1 1 1 1 1 1
Tank 8 8 8 8 8 8
Vea 7 7 7 7 7 7
Wash 5 5 5 5 5 5
Rank Order
Coefficient
0.8671 0.8671 0.8671 0.8566 0.8450 0.8776
Two materials whose ranks never varied, but differed by one across the
entire set of sampled channels were the two percent reflector and the shadow
categories. Not only were they consistent in their rankings, they also flip-
flopped ranks over the entire set of channels, i.e., the two percent reflector and
shadow materials ranked 11 and 12 respectively in the DIRSIG simulation
and ranked 12 and 11 respectively in the HYDICE scene. In the above
comparison the DIRSIG and HYDICE shadow categories were sampled from
vehicular shadows cast on desert pavement, and their ranks indicate that the
DIRSIG shadows are too dark. It is the only category that is not material
specific, but that is not the case in this example, since all the sampled
shadows were cast on desert pavement. Shadow radiance values then, are a
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Table 5.17. Material rankings and ROCs for DIRSIG/HYDICE comparison.
Malapai, 10-21-95, 1200 @ 10220 feet, Channels 76 through 81.
DIRSIG
Materials
Channel 76
Ranks
Channel 77
Ranks
Channel 78
Ranks
Channel 79
Ranks
Channel 80
Ranks
Channel 81
Ranks
2% 1 1 1 1 1 1 1 1 1 1 1 1
12% 1 0 1 0 1 0 10 1 0 1 0
24% 7 7 7 7 7 7
36% 6 6 6 6 6 6
48% 3 3 3 3 3 3
6 0% 1 1 1 1 1 1
DP 9 9 9 9 9 9
Road 5 5 5 5 5 5
Shadow 12 1 2 1 2 12 1 2 1 2
Tank 8 8 8 8 8 8
Veg 2 2 2 2 2 2
Wash 4 4 4 4 4 4
HYDICE
Materials
Channel 76
Ranks
Channel 77
Ranks
Channel 78
Ranks
Channel 79
Ranks
Channel 80
Ranks
Channel 81
Ranks
2% 1 2 1 2 1 2 12 1 2 1 2
12% 10 1 0 1 0 10 1 0 1 0
24% 6 6 6 6 6 6
36% 3 3 3 4 4 4
48% 2 2 2 2 2 2
60% 1 1 1 1 1 1
DP 9 9 9 9 9 9
Road 4 4 4 3 3 3
Shadow 1 1 1 1 1 1 1 1 1 1 1 1
Tank 8 8 8 8 8 8
Vea 7 7 7 7 7 7
Wash 5 5 5 5 5 5
Rank Order
Coefficient
0.8601 0.8601 0.8601 0.8671 0.8671 0.8671
result of particular desert pavement material parameters, namely the
specularity term, S, from which the diffuse term, 1-S, is calculated, and the
spectral emissivity of the material. Diffuse radiance values, representing the
shadow radiance, from any pixel within the shadow are determined from
integrating the radiational load from equally partitioned cones within the
hemisphere above the pixel. If the hemisphere is not sampled at a fine enough
resolution the incident radiation components from the sky may be over
estimated. This, however, would seem to lead to a larger than normal diffuse
term by overestimating the contribution from downwelled radiance. The
problem then, may lie with the material parameter's specularity term. If this
term is overestimated, the diffuse term would necessarily be underestimated
resulting in lower shadow radiance values.
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Table 5. 18. Material rankings and ROCs for DIRSIG/HYDICE comparison.
Malapai, 10-21-95, 1200 @ 10220 feet, Channels 118 through 123.
DIRSIG
Materials
Channel 118
Ranks
Channel 119
Ranks
Channel 120
Ranks
Channel 121
Ranks
Channel 122
Ranks
Channel 123
Ranks
2% 1 1 11 1 1 1 1 1 1 1 1
12% 10 1 0 10 10 1 0 1 0
24% 6 6 6 6 7 7
36% 5 5 5 5 5 5
48% 2 2 2 2 2 3
60% 1 1 1 1 1 1
DP 8 8 8 8 8 8
Road 4 4 4 4 4 4
Shadow 12 1 2 1 2 1 2 1 2 1 2
Tank 9 9 9 9 9 9
Veg 7 7 7 7 6 6
Wash 3 3 3 3 3 2
HYDICE
Materials
Channel 118
Ranks
Channel 119
Ranks
Channel 120
Ranks
Channel 121
Ranks
Channel 122
Ranks
Channel 123
Ranks
2% 12 1 2 12 1 2 1 2 1 2
12% 9 9 9 9 9 9
2 4% 6 6 6 6 6 6
36% 4 4 4 4 4 4
48% 2 2 2 2 2 2
60% 1 1 1 1 1 1
DP 7 7 7 7 7 7
Road 3 3 3 3 3 3
Shadow 1 1 1 1 1 1 1 1 1 1 1 1
Tank 8 8 8 8 8 8
Vea 9 9 9 9 9 9
Wash 5 5 5 5 5 5
Rank Order
Coefficient
0.9476 0.9476 0.9476 0.9476 0.9265 0.9056
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Table 5. 19. Material rankings and ROCs for DIRSIG/HYDICE comparison.
Malapai, 10-21-95, 1200 @ 10220 feet, Channels 196 through 198.
DIRSIG
Materials
Channel 193
Ranks
Channel 194
Ranks
Channel 195
Ranks
Channel 196
Ranks
Channel 197
Ranks
Channel 198
Ranks
2% 1 1 1 1 1 1 1 1 1 1 1 1
12% 8 8 8 7 7 7
2 4% 4 4 4 4 4 4
36% 6 6 6 6 6 6
48% 5 5 5 5 5 5
60% 3 3 3 3 3 3
DP 7 7 7 8 8 8
Road 2 2 2 2 2 2
Shadow 1 2 1 2 1 2 1 2 1 2 1 2
Tank 10 1 0 1 0 9 9 9
Veg 9 9 9 1 0 1 0 1 0
Wash 1 1 1 1 1 1
HYDICE
Materials
Channel 193
Ranks
Channel 194
Ranks
Channel 195
Ranks
Channel 196
Ranks
Channel 197
Ranks
Channel 198
Ranks
2% 12 1 2 1 2 1 2 1 2 1 2
12% 8 8 8 8 8 8
24% 2 2 2 2 2 2
36% 7 7 7 7 7 7
48% 5 5 5 5 5 5
60% 4 4 4 4 4 4
DP 6 6 6 6 6 6
Road 1 1 1 1 1 1
Shadow 1 1 1 1 1 1 1 1 1 1 1 1
Tank 9 9 9 9 9 9
Vea 1 0 1 0 1 0 1 0 10 1 0
Wash 3 3 3 3 3 3
Rank Order
Coefficient
0.9441 0.9441 0.9441 0.9371 0.9371 0.9371
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Table 5.20 Vegetation Comparison: Original vs. Mixed Sample. ROCs for DIRSIG
HYDICE comparison. Malapai, 10-21-95, 1200 @ 10220 feet.
Channel 10 Channel 11 Channel 12 Channel 13 Channel 14 Channel 15
ROC with
Original Veg
0.9650 0.9650 0.9650 0.9650 0.9650 0.9650
ROC with
_^ixed_Vec;
0.9650 0.9650 0.9650 0.9650 0.9650 0.9650
i j
Channel 16 Channel 17 Channel 18 Channel 19 Channel 20 Channel 21
ROC with
Original Veg
0.9371 0.9371 0.9790 0.9580 0.9580 0.9580
ROC with
Mixed Veq
0.9545 0.9545 0.9790 0.9685 0.9685 0.9685
Channel 55 Channel 56 Channel 57 Channel 58 Channel 59 Channel 60
ROC with
Oriainal Vea
0.9441 0.9161 0.9161 0.9371 0.9161 0.9021
ROC with
Mixed Veg
0.9441 0.9406 0.9161 0.9650 0.9790 0.9441
Channel 61 Channel 62 Channel 63 Channel 64 Channel 65 Channel 66
ROC with
Oriainal Vea
0.9161 0.9021 0.9021 0.9021 0.8601 0.8601
ROC with
Mixed Veg
0.9441 0.9161 0.9021 0.9021 0.9021 0.8951
Channel 70 Channel 71 Channel 72 Channel 73 Channel 74 Channel 75
ROC with
Original Veg
0.8671 0.8671 0.8671 0.8566 0.8450 0.8776
ROC with
Mixed Veg
0.9021 0.9021 0.9021 0.8881 0.8811 0.8776
Channel 76 Channel 77 Channel 78 Channel 79 Channel 80 Channel 81
ROC with
Original Veg
0.8601 0.8601 0.8601 0.8671 0.8671 0.8671
ROC with
Mixed Veg
0.8601 0.8601 0.8601 0.8671 0.8671 0.8671
Channel 118 Channel 119 Channel 120 Channel 121 Channel 122 Channel 123
ROC with
Original Veg
0.9476 0.9476 0.9476 0.9476 0.9265 0.9056
ROC with
Mixed Veq
0.9476 0.9476 0.9476 0.9476 0.9476 0.9266
Channel 193C hannel 194 Channel 195 Channel 196 Channel 197 Channel 198
ROC with
Original Veg
0.9441 0.9441 0.9441 0.9371 0.9371 0.9371
ROC with
Mixed Veq
0.9021 0.9021 0.9021 0.9301 0.8881 0.8881
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5.2.2 DIRSIG/HYDICE Channel ROC Comparisons
Tables 5.20 through 5.26 compare channel ranks for both the desert
pavement and vegetation material categories over a number of channels
interspersed throughout the spectral bandpass ofHYDICE. Over half of
HYDICE's 210 channels were utilized for these comparisons, groups ofwhich
were compared in seven different regions of the HYDICE spectrum. Each chart
lists both the channels and their corresponding wavelength values providing a
means of comparison with the spectral charts in figures 5.8 through 5.10, as
well as a second point of reference. Roughly speaking, the seven channel
groups covered the three visible bands with the red set extending into the NIR
region; both the water absorption bands centered at 0.94 and 1.13 um; the
region between the two major water absorption bands at approximately 1.4
and 1.9 um; and the region beyond the last of these features at 1.9 um. Both
the original as well as the convolved radiance data were utilized for these
rankings with the latter represented by the DP_Con and Mix_Veg_Con
column headings. As the heading implies, the mixed vegetation category was
utilized as the convolved vegetation data set.
ROCs utilizing the original data ranged from highs of 0.9591 and
0.9011 to lows of 0.5833 and 0.1636 for the desert pavement and vegetation
categories respectively. Their counterparts utilizing convolved data ranged
from highs of 0.9591 and 0.9484 to lows of 0.6323 and 0.0727 for the desert
pavement and mixed vegetation categories respectively. Results with the
convolved data were a mixed bag, with some regions performing better while
other regions either declined or remained steady. Although, they seemed to
mimic the general shape of the HYDICE spectra more accurately than the
original data, they did not consistently perform any better overall with
channel ROCs.
From both data sets as well as both material categories, it is apparent
that the channels tracked better in the NIR and SWIR regions of the spectrum
than in the visible regions. Both vegetation data sets performed poorly in the
blue and green regions, registering ROCs of 0.4363 and 0.4510 in the blue
region and 0.1636 and 0.0710 in the green for the original and convolved data
sets respectively. This may be traced back to what the author attributes to
the differences in material composition between the HYDICE and DIRSIG
vegetation categories. However, the mixed vegetation category, which was
generated in an attempt to better emulate the HYDICE vegetation, did not
improve the ROC by any significant amount in the blue region and indeed,
registered a much lower ROC in the green region. Conversely, in the material
ROCs listed above, utilization of the mixed vegetation category closed the gap
between vegetation ranks and improved subsequent ROCs.
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As was stated earlier, the HYDICE vegetation category, because of its
sparseness, likely contains both live and senescent vegetation as well as
background pixels ofwash and shadow regions. The DIRSIG mixed vegetation,
on the other hand, was modeled after live specimens, which was later mixed
with wash and shadow materials. Although the addition of the latter did
lower the radiance values of the resultant DIRSIG material category, the
channel ROCs here seem to indicate a difference in color between the HYDICE
and DIRSIG materials. Figure 5.11 below plots the radiance values for the
two materials within the visible and a portion of the NIR region of the
spectrum. As can be seen in the two spectral plots, the DIRSIG material
peaks in the green region while the HYDICE reaches a peak in the red region
between approximately 6.8 and 7.0 um. There also appears to be a slight
spectral shift between the two which would also account for the poor channel
ROCs.
CM
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DIRSIG Veg_Mix
HYDICE Veg
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Figure 5. 11. Spectral comparison ofvegetation material from HYDICE truth scene with a
DIRSIG mixed vegetation material created from vegetation, shadow and wash materials.
ROCs for the remainder of the channel groups indicate that the
HYDICE and DIRSIG vegetation categories parallel each other more closely in
the NIR and SWIR regions of the spectrum. The relative strength of the
HYDICE vegetation signal is still less than the DIRSIG vegetation categories
in these regions which may indicate that the former is still contaminated to a
greater degree with errant materials. Both materials do, however, exhibit
peaks in the NIR region, as can be seen in figures 5.7 through 5.9 above, and
which is typical of healthy vegetation. The relative strength of a healthy
vegetation signal appears to be enough to offset the effects of errant
materials.
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Table 5.21. Channel rankings and ROCs for DIRSIG/HYDICE comparison of desert
pavement and vegetation categories. Malapai, 10-21-95, 1200 @ 10220 feet, Channels 9
through 25.
Channel
Number
Wavelength
[micronsl
DP DIRSIG
Rank
DP HYDICE
Rank
DP Con
DIRSIG Rank
Veg DIRSIG
Rank
Veg HYDICE
Rank
Mix_Veg_Con
DIRSIG Rank
9 0.4237 13 16 14 13 1 6 1 4
1 0 0.4273 16 17 1 6 16 17 1 6
1 1 0.4308 1 7 15 1 7 1 7 1 5 1 7
1 2 0.4345 14 14 1 5 1 4 14 15
1 3 0.4382 1 5 13 13 1 5 13 1 3
1 4 0.4419 8 10 12 1 1 5 1 2
1 5 0.4457 12 2 1 1 1 2 2 1 1
1 6 0.4496 4 1 9 8 1 1 0
1 7 0.4535 9 3 4 10 3 9
1 8 0.4575 1 4 2 4 4 5
1 9 0.4616 2 8 1 5 6 2
20 0.4657 7 1 1 5 6 1 1 6
21 0.4699 10 9 8 7 10 7
22 0.4742 5 7 6 3 7 4
23 0.4786 6 5 3 2 8 1
24 0.4831 3 12 7 1 1 2 3
25 0.4876 1 1 6 10 9 9 8
Rank Order
Coefficient 0.5833 0.6373 0.4363 0.4510
Table 5.22. Channel rankings and ROCs for DIRSIG/HYDICE comparison of desert
pavement and vegetation categories. Malapai, 10-21-95, 1200 @ 10220 feet, Channels 30
through 40
Channel
Number
Wavelength
[micronsl
DP DIRSIG
Rank
DP HYDICE
Rank
DP Con
DIRSIG Rank
Veg DIRSIG
Rank
Veg HYDICE
Rank
Mix Veg Con
DIRSIG Rank
30 0.5120 9 1 1 9 1 0 1 10
31 0.5172 1 1 10 1 1 1 1 2 1 1
32 0.5225 10 9 1 0 9 6 9
33 0.5280 8 7 8 8 9 8
34 0.5336 6 8 7 6 1 1 7
35 0.5393 7 6 6 7 1 3 6
36 0.5452 5 2 5 5 1 2 5
37 0.5512 4 3 4 3 1 0 4
38 0.5574 3 5 3 2 8 3
39 0.5637 1 4 2 1 5 2
40 0.5702 2 1 1 4 4 1
Rank Order
Coefficient
0.8364 0.8818 0.1636 0.0727
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Table 5.23. Channel rankings and ROCs for DIRSIG/HYDICE comparison of desert
pavement and vegetation categories. Malapai, 10-21-95, 1200 @ 10220 feet, Channels 45
through 60
Channel
Number
Wavelength
[micronsl
DP DIRSIG
Rank
DP HYDICE
Rank
DP Con
DIRSIG Rank
Veg DIRSIG
Rank
Veg HYDICE
Rank
Mix_Veg_Con
DIRSIG Rank
45 O.6054 1 3 4 5 7 6
46 O.6130 5 6 2 7 8 4
47 O.6208 2 9 1 6 1 0 5
48 0.6289 3 4 3 8 9 7
49 0.6371 4 2 5 9 1 1 9
50 0.6456 8 8 6 10 1 2 1 0
51 0.6542 7 5 8 12 1 3 1 1
52 0.6632 6 1 7 1 3 1 4 1 2
53 0.6724 9 7 9 1 5 1 5 1 4
54 0.6818 10 14 1 0 14 16 1 5
55 0.6914 1 1 12 1 1 1 1 6 16
56 O.7013 1 5 10 1 3 16 5 1 3
57 0.7114 12 16 1 5 4 4 8
58 0.7218 16 15 1 6 3 3 3
59 0.7324 14 1 1 1 4 2 2 2
60 0.7433 1 3 1 3 1 2 1 1 1
Rank Order
Coefficient 0.7647 0.7324 0.6172 0.6412
Table 5.24. Channel rankings and ROCs for DIRSIG/HYDICE comparison of desert
pavement and vegetation categories. Malapai, 10-21-95, 1200 @ 10220 feet, Channels 70
through 82.
Channel
Number
Wavelength
[micronsl
DP DIRSIG
Rank
DP HYDICE
Rank
DP Con
DIRSIG Rank
Veg DIRSIG
Rank
Veg HYDICE
Rank
Mix Veg Con
DIRSIG Rank
70 0.8651 2 1 1 2 1 1
71 0.8783 1 2 2 1 2 2
72 0.8919 3 8 3 3 6 3
73 0.9056 10 9 6 9 9 4
74 0.9195 9 1 1 1 0 8 1 1 1 0
75 0.9334 13 1 3 1 2 1 3 1 3 1 2
76 0.9476 12 12 1 3 1 2 1 2 1 3
77 0.9619 1 1 10 1 1 1 1 10 1 1
78 0.9763 8 7 9 10 8 9
79 0.9907 4 4 5 4 5 7
80 1.0053 5 3 4 5 4 5
81 1.0200 6 5 7 6 3 6
82 1.0348 7 6 8 7 7 8
Rank Order
Coefficient
0.8956 0.8571 0.9011 0.8489
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Table 5.25. Channel rankings and ROCs for DIRSIG/HYDICE comparison of desert
pavement and vegetation categories. Malapai, 10-21-95, 1200 @ 10220 feet, Channels 80
through 97
Channel
Number
Wavelength
[micronsl
DP DIRSIG
Rank
DP HYDICE
Rank
DP_Con
DIRSIG Rank
Veg DIRSIG
Rank
Veg HYDICE
Rank
Mix Veg Con
DIRSIG Rank
80 1.0053 1 1 1 1 2 1
81 1.0200 2 2 2 2 1 2
82 1.0348 3 3 3 4 3 3
83 1.0495 4 4 4 3 4 4
84 1.0643 5 5 5 5 5 5
85 1.0792 6 6 6 6 6 6
86 1.0942 7 14 7 7 7 7
87 1.1090 12 1 7 1 4 8 1 6 1 2
88 1.1240 1 8 1 8 1 8 16 1 8 1 7
89 1.1390 16 16 1 7 1 7 1 7 1 8
90 1.1539 1 7 15 1 6 1 8 1 5 1 6
91 1.1689 14 13 1 5 15 14 1 5
92 1.1837 1 3 1 1 1 2 13 1 2 1 3
93 1.1986 15 10 1 3 1 4 1 1 1 4
94 1.2136 1 1 8 1 1 1 2 9 1 1
95 1.2284 9 7 9 10 8 9
96 1.2432 8 9 8 9 10 8
97 1.2579 10 12 1 0 1 1 1 3 10
Rank Order
Coefficient 0.8700 0.9051 0.8865 0.9484
Desert pavement comparisons in the visible region also performed
below their counterparts in the NIR and SWIR regions of the spectrum, but
not as poorly as the vegetation data sets. The original desert pavement data
set produced ROCs of 0.5833, 0.8364, and 0.7647 for the blue, green and red
regions respectively, while their convolved counterparts returned ROCs of
0.6373, 0.8818, and 0.7324 for the same regions. As the figures indicate,
smoothing the spectra did improve the metric in the blue and green regions by
approximately the same degree, but had the opposite affect in the red region,
albeit, to a lesser degree.
The difficulty encountered in the visible regions is not clearly
understood. However, a partial explanation may be evident when comparing
the region to the cases presented in tables 5.23 and 5.24 where the set of
bands encompass the water absorption features centered at 0.94 and 1.13 um
respectively. Perhaps here, the channels track more closely on account of the
greater delta radiance value between channels. The latter is due to the
distinctive and precipitous character of the absorption features. In the visible
region, the difference between successive channel radiance values is less and
therefore their ranks may be more likely to fluctuate resulting in a lower
ROC. This does seem to hold true for the set of channels between 170 and 192
where the resultant ROC is 0.8125. Here again, the differences between
successive radiance values is slight, and their fluctuation in ranks is greater.
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Table 5.26. Channel rankings and ROCs for DIRSIG/HYDICE comparison of desert
pavement and vegetation categories. Malapai, 10-21-95, 1200 @ 10220 feet, Channels 115
through 135
Channel
Number
Wavelength
[micronsl
DP DIRSIG
Rank
DP HYDICE
Rank
DP Con
DIRSIG Rank
Veg DIRSIG
Rank
Veg HYDICE
Rank
Mix_Veg_Con
DIRSIG Rank
1 15 1.5115 4 8 2 1 4 1 5 1 7
1 16 1.5249 5 3 1 1 3 1 2 1 2
1 17 1.5382 1 2 3 7 3 5
1 18 1.5513 2 1 4 4 2 1
1 19 1.5645 3 5 6 3 1 1 3
120 1.5775 7 4 9 9 4 6
121 1.5906 6 6 8 6 9 9
122 1.6033 12 9 5 1 1 8 1 1
123 1.6160 8 7 7 5 1 7
124 1.6289 8 1 1 1 0 1 6 2
125 1.6415 1 1 12 1 1 8 7 4
126 1.6540 10 10 1 2 2 5 8
127 1.6664 13 13 1 3 1 0 10 10
128 1.6790 14 14 14 1 2 13 13
129 1.6912 1 7 15 15 1 6 14 1 4
130 1.7033 15 16 16 1 5 16 15
131 1.7156 16 17 1 7 1 7 1 7 16
132 1.7277 1 8 18 1 9 1 8 1 8 1 8
133 1.7397 1 9 1 9 18 1 9 1 9 1 9
134 1.7516 21 20 20 21 20 21
135 1.7634 20 21 21 20 21 20
Rank Order
Coefficient
0.9591 0.9591 0.8779 0.8961
In the region between the two major water absorption bands, channels
115 to 135, where again the differences in radiance values between successive
channels is slight, the channel ranks do parallel each other and the resultant
ROC for the desert pavement category is the highest for all seven regions at
0.9591, which it achieved with both the original and convolved data sets A
notable difference in this region, however, is that the ranks tend to descend in
an orderly fashion from one side of the region to the other.
Perhaps it would be more instructive to reexamine the desert pavement
material category within the two regions centered about the water absorption
features at 0.94 and 1.13 um. It is evident that the lowest point of each
feature, i.e., the deepest penetration where the radiance value is the lowest,
occurs at the same channel for both. The high points are also coincident and in
both cases, the greatest deviation in channel ranks occurs between opposing
sides of the feature. For example, in table 5.24, the DIRSIG ranks descend in
order from a rank of one to seven for channels 80 to 86 regardless of data set.
HYDICE ranks for the same region descend in order from one to six and then
the rank abruptly jumps to 14 for channel 86. In both cases the ranks are still
descending in order to the feature's low point at channel 88, but the relative
rank ofHYDICE channel 86 is lower because a number of channels on the
opposite wall of the absorption feature have higher radiance values. In both
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cases, DIRSIG does model the general shape of the absorption features with
little deviation in ranks at the high and low ends. The only exception occurs at
the high end of the feature centered at 1.13 um where the first two ranks are
Table 5.27. Channel rankings and ROCs for DIRSIG/HYDICE comparison of desert
pavement and vegetation categories. Malapai, 10-21-95, 1200 @ 10220 feet, Channels 170
through 191 nearly so.
Channel
Number
Wavelength
[micronsl
DP DIRSIG
Rank
DP HYDICE
Rank
DP_Con
DIRSIG Rank
Veg DIRSIG
Rank
Veg HYDICE
Rank
Mix_Veg_Con
DIRSIG Rank
170 2.1386 1 1 1 1 1 1
171 2.1482 2 2 2 3 4 2
172 2.1580 3 3 3 2 5 3
173 2.1673 4 4 4 4 7 4
174 2.1772 5 7 9 7 8 6
175 2.1867 1 1 9 14 6 9 9
176 2.1959 8 11 16 10 3 1 3
177 2.2056 1 7 6 15 1 1 2 1 1
178 2.2148 16 5 8 6 6 7
179 2.2242 6 8 5 8 1 0 5
180 2.2336 10 10 6 9 11 8
181 2.2432 7 12 7 1 2 12 1 0
182 2.2523 9 1 3 10 1 3 1 3 12
183 2.2614 12 14 1 1 14 1 4 1 4
184 2.2707 13 15 12 15 1 5 1 5
185 2.2795 14 16 13 16 1 6 1 6
186 2.2883 15 1 8 1 7 1 7 1 7 1 7
187 2.2978 1 8 17 1 8 1 8 1 8 1 8
188 2.3068 1 9 19 1 9 1 9 20 1 9
189 2.3154 20 21 20 20 1 9 20
190 2.3245 21 20 21 21 21 21
Rank Order
Coefficient
0.8125 0.7558 0.8903 0.8416
reversed. The vegetation material category only deviates slightly from the
general pattern described above for desert pavement, with the greatest
difference occurring at the low point of the feature centered at 1.13 um. The
low point for the vegetation category occurred at channel 90 and 89 for the
original and convolved data sets respectively, while the HYDICE low occurred
at channel 88. Again, the author points to the presumed differences in the
vegetation material categories as the source of this deviation, but as the
figures indicate the convolved data set with the mixed vegetation category
does improve the tracking between the two.
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5.2.3 DIRSIG / HYDICE Pixel Comparisons
Figures 5.12 through 5.17 compare single pixel spectra among similar
materials from HYDICE and DIRSIG scenes. Both sets ofmaterials are
plotted in units of W/cm2 st jum, and as can be seen by the plots, radiance
values for HYDICE and DIRSIG materials are roughly equivalent.
Shadow and tank spectra originated from contiguous pixels in their
respective scenes. It is clearly evident in both pairs that the radiance values
from shadow pixels are significantly less than that of their tank counterparts.
Also of interest are the peak radiance values within both shadow spectra. The
HYDICE shadow spectra peaks in the blue region, an indication that the
shadow is illuminated by skylight on a clear day. Although the DIRSIG
spectra exhibits a peak in the blue region, it peaks further in the green region,
an area where its HYDICE counterpart appears to be declining. The DIRSIG
tank spectra also exhibits a peak in the green region, which may be the source
of the green peak in the shadow pixel. Beyond the visible region both shadow
spectra appear to parallel each other closely with both exhibiting absorption
features at approximately 0.72, 0.77, and 0.81 microns in addition to the two
major water absorption features at 0.93 and 1.13 microns.
A comparison of the tank spectra indicates that the HYDICE radiance
levels appear to be approximately twice that of the DIRSIG spectra.
Otherwise, however, the spectra appear to parallel each other with both
exhibiting the same absorption features as mentioned above.
Both HYDICE and DIRSIG vegetation spectra exhibit peaks in the NIR
region of the spectrum, a characteristic common to live vegetation. Unlike the
tank spectra, however, here the DIRSIG radiance values are approximately
twice those of their HYDICE counterparts. As mentioned above in section
5.2.2, the DIRSIG spectra peaks in the green region while the HYDICE spectra
is declining through this region. Again, beyond the visible region, both spectra
tend to parallel each other more closely with both exhibiting absorption
features at approximately 0.76, and 0.81 microns in addition to the two major
water absorption features at 0.93 and 1.13 microns.
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Figure 5. 12 Spectra from HYDICE shadow pixel cast from a tank onto desert pavement.
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Figure 5. 13. Spectra from DIRSIG shadow pixel cast from a tank onto desert pavement.
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Figure 5. 15. Spectra from DIRSIG tank pixel.
0.0035
0.003 i
0.4
HYDICE Vegetation Pixel
0.7 1.3 1.6
Wavelength [|im]
1.9 2.2 2.5
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5.3 DIRSIG / SEBASS Comparison
Two SEBASS scenes were utilized as models for DIRSIG simulations:
Malapai 10-20-95 at 0615 and Malapai 10-20-95 at 1030. The 0615 run is
considered a night time run, occurring roughly 45 minutes before sunrise. Both
scenes were imaged from an altitude of 2500 feet. Material and channel
ROCs, as well as pixel comparisons will be examined for the daytime
simulation which will be considered first. Only channel ROCs and pixel
comparisons, however, will be examined for the night time simulation as too
few materials were compared to utilize the material ROC metric.
5.3.1 DIRSIG / SEBASS Comparison: Malapai, 10-20-95 @ 1030
Figures 5.30 and 5.31 below compare the spectral signatures of seven
materials from the SEBASS truth scene with those of the DIRSIG simulation.
Reflective panels were not included in this comparison since we lacked their
LWIR emissivity data. The individual plots represent the mean values from
sample populations which varied in size in the DIRSIG scene from a high of
1424 samples for the DP category to a low of 32 samples for the scud category.
Populations for the same materials in the SEBASS scene were 637 and 12
samples respectively. Ground sample distances of the two sensors are similar
with the SEBASS GSD slightly smaller at approximately 82 percent that of
DIRSIG. Reflective panels, which are 20 feet in both dimensions, were the
basis of the GSD comparisons.
Radiance values for the two sets of plots are both in units of W/mA2 st
/um. SEBASS units were originally represented as
"microflicks,"
micro-
Watts/cmA2 st nm, which were converted to W/mA2 st \im for the graphical
comparisons. As evidenced by the two graphs, DIRSIG radiance values are
roughly equivalent to those of SEBASS, with the latter slightly higher overall.
DIRSIG spectra were convolved in the same manner described previously in
section 5.2.
While the general shape of the two sets of plots conforms to a
blackbody radiation curve, the SEBASS scud curve presents an obvious
deviation from the norm. Of greater significance, in terms of this study, is that
it differs markedly from its DIRSIG counterpart. As mentioned above, in
section 5.1.1, the DIRSIG emissivity curve for the scud material category, was
generated from the R20 vehicle, while the SEBASS spectra is ofGeorge.
Emissivity curves for the vehicle and missile components ofR20 and George
were illustrated in figure 5.1. While the scud material categories here include
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both components, their spectra do conform, in general, to their respective
emissivity curves presented earlier.
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Figure 5. 18. Spectral Comparison of Seven Materials from SEBASS truth scene.
Malapai, 10-20-95, 1017 @ 2500 feet.
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Figure 5. 19. Spectral Comparison of SevenMaterials from DIRSIG simulation.
Malapai, 10-20-95, 1030 @ 2500 feet.
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5.3.1.1 DIRSIG / SEBASS Material ROC Comparison: Malapai
10-20-95 @ 1030.
Table 5.28 through 5.31 below compare the material rankings of the
Malapai, 10-20-95 SEBASS and DIRSIG scenes and their ROCs across the
entire spectral response of the sensor. Seven materials were compared: desert
pavement, road, scud, shadow, tank, vegetation, and wash. The scud category
was included despite obvious differences between the SEBASS and DIRSIG
spectra. However, the materials were similar in rank as is illustrated in
figures 5.18 and 5.19 above. Shadow material categories consisted entirely of
shadows from tanks cast onto desert pavement. Figures 5.20 and 5.21 below,
depict a portion of both scenes. Ghost images of the tanks are visible in the
truth scene and are delineated with arrows directed from the top right.
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Figure 5.21. Enlarged view ofDIRSIG
image, Malapai, 10-20-95, depicting
tanks with shadows, panels and
vegetation. Channel 50.
Figure 5. 20. Enlarged view ofSEBASS
image, Malapai, 10-20-95, depicting
tanks with shadows and artifacts
delineated with arrows. Channel 50.
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These artifacts, as explained by Collins (1996), were caused by reflection and
diffraction of the incoming radiation with the edge of the imaging slit. The
resultant ghost images occurred at approximately 10 lines ahead of the actual
object.
Reflective panels are also visible in the DIRSIG image. In order from
left to right they are two, four, 12, 24, 36, 48, 60 and 80 percent reflectors.
Since LWIR emissivity data did not exist for these panels, generic files were
generated based on Kirchhoffs law, equation 3.12. As expected, the two and
four percent reflectors are the strongest emitters and consequently appear as
the brightest panels in the scene. Although the remaining panels all appear
approximately the same value in the DIRSIG scene, their radiance values do
follow the expected trend: progressively lower radiance values as reflectance
increases.
As can be seen in table 5.28 through 5.31, and also evident in the two
spectral comparisons above, the material rankings are fairly stable across the
entire sensor spectral response. The greatest fluctuation occurs at both ends
of the sensor response. Including these fluctuations, there are only five
different rankings for the seven materials in the SEBASS scene over the
entire 128 channels. The DIRSIG material rankings fluctuated more, but still
produced only ten unique series ofmaterial ranks over the entire 128
channels. Consequently, ROCs were stable ranging from a low of 0.6786 in
channels 19 through 30, to a high of 0.9286 in channels three and four. An
average material ROC of 0.8496 was obtained over the entire 128 channels.
A second ranking was conducted without the road category even though
its inclusion did not dramatically alter the rankings and subsequent ROCs.
The impetus for this second ranking was a lack of reliable emissivity data for
the road material in the LWIR region of the spectrum. As a substitute, the
author chose a JHU emissivity file for the surface material at the fenced in
vehicle storage area at the Kofa site. Although ROCs dipped at both ends of
the sensor response, they increased over a wide majority of channels: from
channel three through 121. They ranged from a low of 0.6000 in channel one,
to a high of 0.9429 in 88 of the 128 channels with the average value
measuring 0.9027.
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Table 5.28. Material rankings and ROCs for DIRSIG/SEBASS comparison.
Malapai, 10-20-95, 1030 @ 2500 feet, Channels 1 through 13.
DIRSIG
Materials
Channel 1
Ranks
Channel 2
Ranks
Channels
3 and 4
Ranks
Channels 5
through 9
Ranks
Channels 10
through 12
Ranks
Channel 13
Ranks
DP 2 1 1 1 1 1
Road 3 3 2 2 2 2
Scud 6 6 6 6 7 6
Shadow 4 5 7 7 6 7
Tank 5 4 4 3 3 3
Veg 7 7 5 5 5 5
Wash 1 2 3 4 4 4
SEBASS
Materials
Channel 1
Ranks
Channel 2
Ranks
Channels
3 and 4
Ranks
Channels 5
through 9
Ranks
Channels 10
through 12
Ranks
Channel 13
Ranks
DP 1 1 1 1 1 1
Road 3 3 3 3 3 3
Scud 5 5 5 7 7 7
Shadow 7 7 7 6 6 6
Tank 4 4 4 4 4 4
Vea 6 6 6 5 5 5
Wash 2 2 2 2 2 2
Rank Order
Coefficient
0.7500 0.8929 0.9286 0.8571 0.8929 0.8571
Table 5.29. Material rankings and ROCs for DIRSIG/SEBASS comparison.
Malapai, 10-20-95, 1030 @ 2500 feet, Channels 14 through 36.
DIRSIG
Materials
Channel 14
Ranks
Channels 15
through 18
Ranks
Channels 19
through 30
Ranks
Channel 31
Ranks
Channels 32
and 33
Ranks
Channels 34
through 36
Ranks
DP 1 1 2 2 2 2
Road 2 2 1 1 1 1
Scud 7 6 6 7 7 7
Shadow 6 7 7 6 6 6
Tank 3 3 3 3 3 3
Veq 5 5 4 4 5 4
Wash 4 4 5 5 4 5
SEBASS
Materials
Channel 14
Ranks
Channels 15
through 18
Ranks
Channels 19
through 30
Ranks
Channel 31
Ranks
Channels 32
and 33
Ranks
Channels 34
through 36
Ranks
DP 1 1 1 1 1 1
Road 3 3 3 3 3 3
Scud 7 7 7 7 7 7
Shadow 6 6 6 6 6 6
Tank 4 4 4 4 4 4
Vea 5 5 5 5 5 5
Wash 2 2 2 2 2 2
Rank Order
Coefficient
0.8929 0.8571 0.6786 0.7143 0.8214 0.7143
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Table 5. 30. Material rankings and ROCs for DIRSIG/SEBASS comparison.
Malapai, 10-20-95, 1030 @ 2500 feet, Channels 37 through 122.
DIRSIG
Materials
Channels 37
through 41
Ranks
Channels 42
and 43
Ranks
Channels 44
through 46
Ranks
Channels 47
through 116
Ranks
Channels 117
through 121
Ranks
Channel 122
Ranks
DP 2 2 2 2 2 1
Road 1 1 1 1 1 2
Scud 7 6 7 7 7 7
Shadow 6 7 6 6 6 6
Tank 3 3 3 3 3 3
Veg 5 5 5 4 4 5
Wash 4 4 4 5 5 4
SEBASS
Materials
Channels 37
through 41
Ranks
Channels 42
and 43
Ranks
Channels 44
through 46
Ranks
Channels 47
through 116
Ranks
Channels 117
through 121
Ranks
Channel 122
Ranks
DP 1 1 1 1 1 1
Road 3 3 3 3 3 3
Scud 7 7 7 7 7 6
Shadow 6 6 6 6 5 5
Tank 4 4 4 4 4 4
Vea 5 5 5 5 6 7
Wash 2 2 2 2 2 2
Rank Order
Coefficient
0.8214 0.7857 0.8214 0.8929 0.8571 0.7857
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Table 5.31. Material rankings and ROCs for DIRSIG/SEBASS comparison.
Malapai, 10-20-95, 1030 @ 2500 feet, Channels 123 through 128.
DIRSIG
Materials
Channel 123
Ranks
Channel 124
Ranks
Channels 125
and 126
Ranks
Channel 127
Ranks
Channel 128
Ranks
DP 1 1 1 1 1
Road 2 2 2 2 2
Scud 7 7 7 7 7
Shadow 6 6 6 6 6
Tank 4 3 3 3 4
Veg 5 5 5 5 5
Wash 3 4 4 4 3
SEBASS
Materials
Channel 123
Ranks
Channel 124
Ranks
Channels 125
and 126
Ranks
Channel 127
Ranks
Channel 128
Ranks
DP 1 1 1 1 1
Road 3 3 3 3 3
Scud 6 5 6 5 5
Shadow 5 6 5 6 6
Tank 4 4 4 4 4
Veg 7 7 7 7 7
Wash 2 2 2 2 2
Rank Order
Coefficient
0.8571 0.7500 0.7857 0.7500 0.8214
5.3.1.2 DIRSIG / SEBASS Channel ROC Comparison: Malapai
10-20-95 @ 1030
Tables 5.32 though 5.35 below compare channel ranks for three
materials: desert pavement, vegetation and tank. Three groups of 24 channels
and one of 25 were selected for comparisons. Both ends of the sensor's spectral
response as well as two regions in the center were sampled. Each chart lists
both the channels and their corresponding center wavelength values providing
a means of comparison with the spectral charts in figures 5.18 and 5.19
above, as well as a second point of reference.
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Table 5. 32. Channel rankings and ROCs for DIRSIG/SEBASS comparison of desert
pavement, vegetation and tank categories. Malapai, 10-20-95, 1030 @ 2500
feet, Channels one through 24.
Channel
Number
Wavelength
[microns]
DP DIRSIG
Rank
DP SEBASS
Rank
Veg DIRSIG
Rank
Veg SEBASS
Rank
Tank DIRSIG
Rank
Tank SEBASS
Rank
1 7.5873 24 24 24 24 24 24
2 7.6511 23 23 23 23 23 23
3 7.7160 22 22 22 22 22 22
4 7.7821 21 21 21 21 21 21
5 7.8493 20 20 20 20 20 20
6 7.9177 1 9 1 9 1 9 1 9 1 9 1 9 i
7 7.9808 1 8 1 8 1 8 1 8 1 8 1 8
8 8.0451 1 5 1 7 1 7 1 7 1 7 1 7
9 8.1103 14 16 1 6 16 1 6 16
10 8.1699 16 15 1 5 1 5 1 5 1 5
1 1 8.2372 1 7 14 14 14 14 1 4
1 2 8.2988 1 3 1 3 1 3 1 3 1 3 1 3
1 3 8.3612 12 12 1 2 1 2 12 1 2
14 8.4175 1 1 1 1 1 1 1 1 1 1 1 1
1 5 8.4818 10 10 1 0 1 0 1 0 1 0
1 6 8.5470 9 9 9 9 9 9
17 8.6059 7 8 8 8 8 8
1 8 8.6655 1 7 7 7 7 7
1 9 8.7184 4 6 6 6 6 6
20 8.7796 5 5 5 5 5 5
21 8.8417 8 4 4 4 4 4
22 8.8968 3 3 3 3 3 3
23 8.9526 2 1 2 2 2 2
24 9.0090 6 2 1 1 1 1
Rank Order
Coefficient
0.9574 1.0000 1.0000
As can be seen in figures 5.18 and 5.19, dramatic absorption features
do not exist for these materials within in this region of the spectrum. The
spectra for both scenes, tend to parallel the general shape of a blackbody
radiation curve. Consequently, one would expect the channel ranks between
SEBASS and DIRSIG would also closely parallel each other and indeed that
is the case. The ROCs ranged from a high of 1.0 for the vegetation category in
channels one through 24, and 80 through 128, as well as the tank category in
channels one through 24, to a low of 0.8800 for the tank category in channels
40 through 63. The second lowest channel ROC, at 0.8991 was registered by
the desert pavement category which also occurred in channels 40 through 63.
All the remaining channel ROCs registered 0.9574 or above.
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Table 5. 33. Channel rankings and ROCs for DIRSIG/SEBASS comparison of desert
pavement, vegetation and tank categories. Malapai, 10-20-95, 1030 @ 2500
feet, Channels 40 through 63.
' Channel
Number
Wavelength
[microns]
DP DIRSIG
Rank
DP SEBASS
Rank
Veg DIRSIG
Rank
Veg SEBASS
Rank
Tank DIRSIG
Rank
Tank SEBASS
Rank
40 9.8814 1 1 1 8 1 1 1 7
41 9.9305 1 5 1 9 2 5 2 1 1
42 9.9800 1 8 1 7 3 7 4 1 2
43 10.0301 1 7 16 4 8 7 9
44 10.0806 14 1 3 5 6 9 5
45 10.1317 12 12 6 4 8 3
46 10.1833 7 10 7 3 6 2
47 10.2354 2 6 8 2 3 1
48 10.2881 1 9 9 9 5 4
49 10.3306 3 4 10 1 0 10 6
50 10.3842 4 2 1 1 1 1 1 1 8
51 10.4384 5 3 1 2 1 2 1 3 1 3
52 10.4822 6 1 1 3 1 3 12 1 0
53 10.5374 8 5 1 4 1 4 14 1 4
54 10.5820 9 7 1 5 1 5 1 5 1 5
55 10.6270 10 8 1 6 1 6 16 16
56 10.6724 1 3 1 1 1 7 1 7 1 7 1 7
57 10.7296 16 14 1 8 1 8 1 8 1 8
58 10.7759 19 15 1 9 1 9 1 9 1 9
59 10.8225 20 20 20 20 20 20
60 10.8696 21 21 21 21 21 21
61 10.9170 22 22 22 22 22 22
62 10.9649 23 23 23 23 23 23
63 11.0132 24 24 24 24 24 24
Rank Order
Coefficient 0.8991 0.9574 0.8800
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Table 5. 34. Channel rankings and ROCs for DIRSIG/SEBASS comparison of desert
pavement, vegetation and tank categories. Malapai, 10-20-95, 1030 @ 2500
feet, Channels 80 through 103.
Channel
Number
Wavelength
[microns]
DP DIRSIG
Rank
DP SEBASS Veg DIRSIG
Rank Rank
Veg SEBASS
Rank
Tank DIRSIG
Rank
Tank SEBASS
Rank
80 11.7647 3 3 1 1 1 1
81 11.8064 1 1 2 2 2 2
82 11.8483 2 2 3 3 3 3
83 11.8906 4 4 4 4 4 4
84 11.9332 5 5 5 5 5 5
85 11.9760 6 6 6 6 6 6
86 12.0192 7 7 7 7 7 7
87 12.0627 8 8 8 8 8 8
88 12.1065 9 10 9 9 9 9
89 12.1507 10 1 1 1 0 1 0 10 10
90 12.1951 1 1 9 1 1 1 1 1 1 1 1
91 12.2249 12 12 1 2 1 2 12 1 3
92 12.2699 13 1 3 1 3 1 3 1 3 12
93 12.3153 ! 14 15 1 4 1 4 14 14
94 12.3609 15 14 1 5 1 5 15 1 5
95 12.3916 16 16 1 6 1 6 1 6 16
96 12.4378 1 7 1 7 1 7 1 7 1 7 1 7
97 12.4844 1 8 1 8 1 8 1 8 1 8 1 8
98 12.5156 22 20 1 9 1 9 1 9 1 9
99 12.5628 24 24 20 20 20 20
100 12.5945 21 23 21 21 21 21
101 12.6422 20 21 22 22 22 22
102 12.6743 1 9 1 9 23 23 23 23
103 12.7226 23 22 24 24 24 24
Rank Order
Coefficient 0.9922 1.0000 0.9991
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Table 5. 35. Channel rankings and ROCs for DIRSIG/SEBASS comparison of desert
pavement, vegetation and tank categories. Malapai, 10-20-95, 1030 @ 2500 feet, Channels
104 through 128.
Channel
Number
Wavelength
[microns]
DP DIRSIG
Rank
DP SEBASS
Rank
Veg DIRSIG
Rank
Veg SEBASS
Rank
Tank DIRSIG
Rank
Tank SEBASS
Rank
104 12.7551 1 2 1 1 1 1
105 12.8041 2 1 2 2 2 2
106 12.8370 3 3 3 3 3 3
107 12.8866 6 6 4 4 4 4
108 12.9199 4 7 5 5 5 5
109 12.9534 5 4 6 6 6 6
1 10 13.0039 7 5 7 7 7 7
1 1 1 13.0378 8 8 8 8 8 8
1 12 13.0719 9 9 9 9 9 9
1 13 13.1234 10 1 0 1 0 1 0 1 0 1 0
1 14 13.1579 1 1 1 1 1 1 1 1 1 1 1 1
1 15 13.1926 1 2 1 2 1 2 1 2 1 2 1 2
1 16 13.2275 13 13 1 3 1 3 1 3 1 3
1 17 13.2626 14 15 1 4 1 4 14 1 4
1 18 13.3156 1 5 16 1 5 1 5 1 5 1 5
1 19 13.3511 16 1 4 16 16 1 6 1 6
120 13.3869 17 17 1 7 1 7 1 7 1 7
121 13.4228 1 8 1 8 1 8 1 8 1 8 1 8
122 13.4590 20 1 9 1 9 1 9 1 9 1 9
123 13.4953 23 22 20 20 22 20
124 13.5318 21 25 21 21 21 21
125 13.5685 1 9 20 22 22 20 22
126 13.6054 22 21 23 23 23 23
127 13.6426 24 24 24 24 24 24
128 13.6799 25 23 25 25 25 25
Rank Order
Coefficient
0.9823 1.0000 0.9969
5.3.1.3 DIRSIG / SEBASS Pixel Comparisons: Malapai, 10-20-95, 1030
Figures 5.22 through 5.24 compare single pixel spectra among similar
materials from SEBASS and DIRSIG scenes. The series of pixel comparisons
plots the channel number against radiance [W/mA2 st um]. DIRSIG spectra
were convolved in a manner similar to that described previously in section 5.2.
Less pronounced kernel coefficients were utilized however, 0.25, 1.0 and 0.25,
in order to preserve more of the subtle features characteristic of the single
pixel spectra presented below.
Except for the Scud comparison, figure 5.22, all the spectra tend to
follow the general shape of a black body radiation cure. The SEBASS Scud_B
spectra, illustrated in figure 5.23, does tend to parallel the shape of a
blackbody curve, but exhibits more spectral character than its DIRSIG
counterpart. Scud and Scud_B categories, figure 5.22 and 5.23, are contiguous
pixels in their respective scenes, and although, the author could not visually
see any difference between them, their spectra are markedly different. It
appears as if the SEBASS Scud_B spectra may be that of a mixed pixel. Its
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spectra combines characteristic of both the missile and vehicle spectra
presented earlier in figure 5.1. ADIRSIG mixed pixel, illustrated in figure
5.23, was created in an attempt to duplicate the character of the SEBASS
Scud_B spectra. It was created from an equal mixture ofboth DIRSIG Scud
and Scud_B pixels. Its spectra, although not as dramatic as the SEBASS
Scud_B spectra, nor present at the same radiance levels, does nevertheless,
clearly exhibit characteristics of the latter. From approximately channel 64
on, one can visually match the spectra from the DIRSIGMixed Scud pixel
feature for feature with those from the SEBASS Scud_B spectra.
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Figure 5.22. Spectral comparison of SEBASS and DIRSIG scud missile pixels.
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Figure 5.23. Spectral comparison of SEBASS and DIRSIG scud pixels.
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Figures 5.24 through 5.26 compare desert pavement, shadows cast
from tanks onto desert pavement, and tanks respectively. Again, they are
sampled from contiguous pixels in their respective scenes. As such, the
shadow spectra may exhibit characteristics common to both the desert
pavement and tank materials. Unlike the Scud_B spectra above however, it is
not a mixed pixel per se, but may be similar to desert pavement spectra since
it is indeed desert pavement material, and yet, may also share characteristics
with the tank spectra since the latter will radiate energy into the shadow
region.
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Figure 5.24. Spectral comparison of SEBASS and DIRSIG desert pavement pixels.
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Figure 5.25. Spectral comparison of SEBASS and DIRSIG shadow pixels cast from a tank
onto desert pavement.
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Small absorption features surrounding the peak at approximately
channel 32 appear to be present in both the DIRSIG and SEBASS desert
pavement and tank spectra. A subtle peak just short of channel 80 in the
SEBASS and DIRSIG shadow spectra seems to coincide with a similar
feature in the SEBASS tank spectra, but is not apparent in either of the
desert pavement spectra. DIRSIG absorption features short of channel 16,
clearly evident in the shadow spectra seem to coincide with similar features
in the DIRSIG desert pavement spectra and to a lesser extent in the tank
spectra as well, but are not readily evident in either SEBASS spectra.
Clearly a more rigorous approach is necessary to associate shadow spectral
features with those of either the desert pavement or tank spectra, but the
simple visual comparison employed here does hint at their existence.
In all three cases, the pair of spectra do tend to parallel each other in
both spectral character and overall radiance levels. The DIRSIG shadow
spectra short of approximately channel 40 does exhibit more pronounced
features than its SEBASS counterpart, but many are still common to both.
Beyond approximately channel 32, the two spectra do parallel each other
closely, nearly feature for feature although the DIRSIG spectral features are
more pronounced.
In an attempt to create a closer approximation of the SEBASS tank
spectra, a DIRSIG mixed tank spectra was created by combining equal
portions of tank and desert pavement. It is difficult to make a visual
comparison from this figure beyond channel 64 since all three spectra are
nearly coincident. However, the mixed spectra does appear to mimic both the
shape and overall radiance level of the SEBASS spectra short of this region.
The influence of the DIRSIG desert pavement spectra appears to have lowered
and flattened the curvature of the tank spectra to the approximate levels and
shape of its SEBASS counterpart.
Figure 5.27 compares vegetation spectra from both sensors, and the
two plots are nearly coincident along the entire sensor spectral response. Both
spectra are in fact, remarkable for their lack of absorption features which is
characteristic of vegetation in this region of the spectrum.
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Figure 5.26. Spectral comparison of SEBASS and DIRSIG tank pixels.
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5.27. Spectral comparison ofSEBASS and DIRSIG vegetation pixels.
5.3.2 DIRSIG / SEBASS Comparison: Malapai, 10-20-95 @ 0630.
Figures 5.28 and 5.29 below compare the spectral signatures of five
materials from the SEBASS truth scene with those of the DIRSIG simulation.
The individual plots represent the mean values from sample populations
which varied in size in the SEBASS scene from a high of 468 pixels for the
Road category to a low of 84 pixels for the tank category. Populations for the
same materials in the DIRSIG simulation were 153 and 85 samples
respectively. The scud category, which was present in the 1030 comparison of
the same day, is not included here since the truth scene did not contain one. It
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was moved into the scene later in the day. Ground sample distances of the
two sensors, as mentioned above in section 5.3.1, are similar with the
SEBASS GSD slightly smaller at approximately 82 percent that ofDIRSIG.
Radiance values for the two sets of plots are both expressed in units of
W/mA2 st jum. Unlike the 1030 comparison, the DIRSIG spectra here exhibit
slightly higher overall radiance values than their SEBASS counterparts. In
addition, the spectral character of the DIRSIG materials deviates markedly
from their SEBASS counterparts within approximately the first 16 channels.
Also clearly evident from the two sets of spectra, is that the DIRSIG scene
overall, is less contrasty, i.e., there is less difference between the radiance
values separating the DIRSIG materials than there is with their SEBASS
counterparts. Again, as mentioned above in section 5.3.1, and earlier in
section 5.2, DIRSIG spectra were convolved to better conform to their SEBASS
counterparts.
The increased radiance values observed in the DIRSIG material spectra
mentioned above are likely the result of the radiosonde data utilized to
characterize the atmosphere. Two balloons were launched on 1020. The early
launch, which occurred at 0845, was utilized for the 0630 simulation.
Consequently, radiance files generated for the simulation were based on
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Figure 5.28 Spectral Comparison ofFive Materials from SEBASS truth scene.
Malapai, 10-20-95, 0630 @ 2500 feet.
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Figure 5.29. Spectral Comparison ofFive Materials from DIRSIG scene.
Malapai, 10-20-95, 0630 @ 2500 feet.
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Figure 5.30. Spectral Comparison ofFive Materials from DIRSIG scene.
Malapai, 10-20-95, 0630 @ 2500 feet. Radiance files generated from
10-21-95 radiosonde launch at 0628.
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atmospheric conditions occurring over two hours later than the simulation
time. In an attempt to correct for this discrepancy the author generated a
second set of radiance files based on radiosonde data collected on 1021 from
an 0628 launch time. Figure 5.30 illustrates that, as expected, the resultant
material radiance values were indeed lower. However, the spectral character
over the short end of the spectral sensor response was unaffected. Spectral
differences that existed previously with the 0845 are still evident in spite of
the colder atmosphere.
Unlike the spectra from the 1030 comparison, both the SEBASS and
DIRSIG materials exhibit more spectral character across the entire sensor
spectral response, and do not conform as neatly to a blackbody radiation
curve. While they appear to deviate more at the short end of the sensor
spectral response, from the general shape of the blackbody curve, they all
appear to share the same features. Differences between the material
categories then, seems to be tied to relative radiance values rather than to
any distinguishable spectral feature.
An obvious difference between the two sets of spectra is the relative
position of the tank spectra within the SEBASS and DIRSIG series. In the
former it is one of the brightest materials in the scene, second only to the
vegetation category short of approximately channel 100. Beyond this point it
appears as the brightest object. Within the DIRSIG spectra, the tank
material ranks as the coolest object throughout much of the sensor response.
This pattern is also evident in figures 5.31 and 5.32 below which illustrate
portions of the SEBASS and DIRSIG scenes respectively. SEBASS tanks are
clearly much brighter than their surround while their DIRSIG counterparts
are much darker overall, and certainly more on the level of their surround.
Although there were no exhaust plumes emanating from any of the SEBASS
tanks in this particular truth scene, they were evident in other pre-dawn
scenes. Perhaps their engines were running prior to scene capture, in which
case they would radiate more energy than the surrounding materials.
Two tanker trucks are located in the top right corner of the SEBASS
scene, one ofwhich appears dark and the other bright white. The latter was
filled with water while the dark tanker was empty. The bright signature of the
full tanker is an indication that it has retained much of its heat stored from
the previous day. Compared to the signature of the tanks, the full tanker is
brighter overall, but the tanks are clearly much brighter than the empty
tanker. The author would expect that a tank sitting unattended through the
night would have a thermal signature more in line with an empty, rather than
a full tanker, the reverse ofwhat appears here.
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Figure 5.32. DIRSIG Scene.
102195 @ 0630. Channel 50.
Figure 5.31. SEBASS Malapai Scene.
102095 @ 0630. Channel 1.
Reflective panels are also visible in the DIRSIG scene, figure 5.31
above. As mentioned earlier, in section 5.3.1.1, in order from left to right they
are nominal two, four, 12, 24, 36, 48, 60 and 80 percent reflectors. Although
not evident in their gray value representations, radiance values of the
reflectors progressed in order from a high in the two percent reflector - 98
percent emitter - to a low in the 80 percent -20 percent emitter.
Wash ranks also varied a great deal between SEBASS and DIRSIG
scenes. It ranked one or two through many of the DIRSIG channels, while
ranking fourth through the majority of SEBASS channels. As a result of the
limited number ofmaterials in this comparison, a small discrepancy by one
material will have a greater effect on the others, i.e., with a smaller number of
materials there is less room for error. Ifwe remove the tank category from the
comparison, the discrepancy in wash ranks between the two scenes is no
longer as great. For example, at channel 32 the SEBASS and DIRSIG
materials rank in order from top to bottom as Veg, Tank, Road, Wash and
DP; and Veg, Wash, Road, Tank and DP respectively. The resultant ROC for
the channel is 0.60, but if the tank category is removed the ROC improves to
0.8125. Formerly, both the wash and tank categories differed in rank from
their respective counterparts by two. Removing the tank category, results in
the wash and road categories differing in rank from their counterparts by one.
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It appears from the three sets of spectra above, that the region from
approximately channel 16 to 48 will produce the highest ROC with or without
the tank category at the values just mentioned. At approximately channel 90
and beyond the resultant ROCs with and without the tank category are zero
and 0.70 respectively.
5.3.2.1 DIRSIG / SEBASS Channel ROC Comparison: Malapai
10-20-95 @ 0630
Tables 5.36 though 5.39 below compare channel ranks for three
materials: desert pavement, vegetation and tank. Four groups of 24 channels
were selected for comparisons. Both ends of sensor's spectral response as well
as two regions in the center were sampled. Each chart lists both the channels
and their corresponding center wavelength values providing a means of
comparison with the spectral charts in figures 5.28 and 5.29, as well as a
second point of reference.
As can be seen in figures 5.28 and 5.29, the spectral signatures of the
five materials contain absorption features across the entire region, and in
general, the two sets tend to deviate more from each other at both ends of the
sensor's spectral response. Channel ROCs did perform poorly at both ends of
the sensor's spectral response relative to the central regions. Of the three
materials utilized here, both the vegetation and tank categories had negative
ROCs for the first 24 channels, but jumped to 0.7943 and 0.7987
respectively, for channels 40 through 63. Desert pavement, on the other hand
had its highest ROC in the first channel group at 0.7747, and its lowest at the
other end of the sensor's spectral response in channels 104 through 128 where
it registered 0.2483. It was the most consistent through the first three
channel groups with ROCs of 0.7747, 0.7439, and 0.7348 respectively.
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Table 5. 36. Channel rankings and ROCs for DIRSIG/SEBASS comparison of desert
pavement, vegetation and tank categories. Malapai, 10-20-95, 0630 @ 2500 feet, Channels
one through 24.
Channel
Number
Wavelength
[microns]
DP DIRSIG
Rank
DP SEBASS
Rank
Veg DIRSIG
Rank
VegSEEASS
Rank
Tank DIRSIG
Rank
Tank SEBASS
Rank
1 7.5873 5 2 7 1 7 5 1 5
2 7.6511 2 4 4 1 3 2 1 7
3 7.7160 1 5 1 21 1 20
4 7.7821 3 6 2 1 8 3 1 8
5 7.8493 4 3 3 1 1 4 7
6 7.9177 6 1 5 4 6 4
7 7.9808 7 7 6 1 4 7 1 3
8 8.0451 8 8 8 23 8 22
9 8.1103 1 2 13 1 2 24 1 2 24
1 0 8.1699 9 9 10 22 9 21
1 1 8.2372 1 1 10 1 1 16 1 1 1 6
1 2 8.2988 15 29 21 1 9 16 23
1 3 8.3612 13 30 16 20 1 3 1 9
1 4 8.4175 10 28 9 1 5 1 0 1 4
1 5 8.4818 14 20 1 4 12 1 4 1 1
16 8.5470 1 9 19 24 8 23 9
1 7 8.6059 21 27 23 10 24 1 2
1 8 8.6655 20 21 22 9 22 1 0
1 9 8.7184 1 8 26 20 7 20 8
20 8.7796 1 9 14 1 9 6 1 9 6
21 8.8417 22 1 8 1 8 3 21 2
22 8.8968 23 25 1 7 5 1 8 5
23 8.9526 1 7 24 1 5 2 1 7 3
24 9.0090 16 16 1 3 1 1 5 1
Rank Order
Coefficient 0.7748 -0.3083 -0.3604
As mentioned above and as these channel ROCs tend to confirm, the
difference between materials appears to be more a function of relative
radiance values, i.e., material temperature, rather than specific spectral
features. For example, one might expect that the tank material category
would perform more poorly then either the desert pavement or vegetation
categories considering its difference in ranks between the SEBASS and
DIRSIG scenes. However, as evidenced here, that is not the case. To take it
one step further, the author decided to perform a channel ROC in the channel
105 to 128 region utilizing different materials. Desert pavement channel
ranks for the region were compared to those ofboth the vegetation and tank
materials, and the resultant ROCs were 0.7230 and 0.7543 respectively. In
the first case there was no change in the resultant ROC: both the original
vegetation ROC for this region and the vegetation compared to desert
pavement ROC registered 0.7230. In the second case where the DIRSIG desert
pavement channel ranks were compared to those of the SEBASS tank, the
resultant ROC dipped from 0.7674 to 0.7543.
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Table 5.37. Channel rankings and ROCs for DIRSIG/SEBASS comparison of desert
pavement, vegetation and tank categories. Malapai, 10-20-95, 0630 @ 2500 feet, Channels
40 through 63.
Channel
Number
Wavelength
[microns]
DP DIRSIG
Rank
DP SEBASS
Rank
Veg DIRSIG
Rank
Veg SEBASS
Rank
Tank DIRSIG
Rank
Tank SEBASS
Rank
40 9.8814 16 1 9 3 1 6 1 8
41 9.9305 20 20 9 2 1 8 21
42 9.9800 23 22 1 3 5 22 23
43 10.0301 24 23 1 5 7 23 22
44 10.0806 22 24 16 10 24 24
45 10.1317 21 21 14 9 21 20
46 10.1833 1 9 1 8 8 6 1 2 1 7
47 10.2354 3 1 7 2 4 2 1 3
48 10.2881 1 14 1 3 1 5
49 10.3306 9 1 3 6 8 7 6
50 10.3842 1 8 16 1 2 14 1 6 1 1
51 10.4384 12 15 10 15 1 1 8
52 10.4822 4 8 5 1 3 4 3
53 10.5374 2 1 4 1 1 3 1
54 10.5820 5 4 7 1 2 5 2
55 10.6270 7 7 1 1 1 6 9 4
56 10.6724 14 12 1 8 1 7 1 4 1 2
57 10.7296 1 5 1 1 21 20 1 9 1 4
58 10.7759 10 6 20 21 1 3 9
59 10.8225 8 3 1 7 1 8 1 0 7
60 10.8696 1 1 5 22 1 9 1 5 10
61 10.9170 1 7 9 24 23 20 1 5
62 10.9649 13 10 23 24 1 7 1 9
63 11.0132 6 2 1 9 22 8 16
Rank Order
Coefficient 0.7439 0.7943 0.7587
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Table 5.38. Channel rankings and ROCs for DIRSIG/SEBASS comparison of desert
pavement, vegetation and tank categories. Malapai, 10-20-95, 0630 @ 2500 feet, Channels
80 through 103.
Channel
Number
Wavelength
[microns]
DP DIRSIG
Rank
DP SEBASS
Rank
Veg DIRSIG
Rank
Veg SEBASS
Rank
Tank DIRSIG
Rank
Tank SEBASS
Rank
80 11.7647 1 1 1 1 1 1
81 11.8064 5 4 2 2 5 2
82 11.8483 6 8 5 4 1 0 4
83 11.8906 4 5 3 3 4 3
84 11.9332 10 7 7 5 12 5
85 11.9760 16 12 9 6 1 7 6
86 12.0192 1 5 13 1 0 9 1 5 1 0
87 12.0627 1 2 1 1 8 8 1 3 8
88 12.1065 14 6 1 1 7 14 7
89 12.1507 20 9 1 9 1 1 20 9
90 12.1951 21 15 21 1 3 21 1 3
91 12.2249 1 9 20 1 6 1 8 1 9 1 6
92 12.2699 1 1 14 1 3 1 5 1 1 1 4
93 12.3153 1 7 1 7 1 7 1 2 1 6 1 5
94 12.3609 1 8 1 9 20 21 1 8 20
95 12.3916 8 21 1 2 1 9 7 21
96 12.4378 7 16 14 20 6 1 9
97 12.4844 9 1 8 15 14 8 1 8
98 12.5156 3 3 6 1 7 3 1 2
99 12.5628 2 2 4 10 2 1 1
100 12.5945 13 10 1 8 1 6 9 1 7
101 12.6422 22 22 22 22 22 22
102 12.6743 24 23 24 23 24 23
103 12.7226 23 24 23 24 23 24
Rank Order
Coefficient 0.7348 0.8235 0.5065
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Table 5. 39. Channel rankings and ROCs for DIRSIG/SEBASS comparison of desert
pavement, vegetation and tank categories. Malapai, 10-20-95, 0630 @ 2500 feet, Channels
105 through 128.
Channel
Number
Wavelength
[microns]
DP DIRSIG
Rank
DP SEBASS
Rank
Veg DIRSIG
Rank
Veg SEBASS
Rank
Tank DIRSIG
Rank
Tank SEBASS
Rank
105 12.8041 3 1 9 3 6 3 8
106 12.8370 2 17 2 7 2 7
107 12.8866 1 1 1 1 1 1 1
108 12.9199 9 14 5 3 1 1 4
109 12.9534 15 23 1 1 1 3 1 7 16
1 10 13.0039 1 1 1 8 7 1 0 12 1 2
1 1 1 13.0378 16 16 1 3 1 1 1 6 1 5
1 12 13.0719 22 24 1 8 1 8 24 20
1 13 13.1234 21 22 20 22 23 22
1 14 13.1579 19 21 1 9 23 21 1 9
1 15 13.1926 17 20 16 24 1 8 24
1 16 13.2275 7 15 6 21 8 1 8
1 17 13.2626 4 6 4 8 4 5
1 18 13.3156 10 5 1 2 9 9 6
1 19 13.3511 14 12 1 5 15 14 1 1
120 13.3869 12 13 1 4 1 4 1 0 1 4
121 13.4228 8 8 1 0 1 6 7 1 3
122 13.4590 6 4 8 5 6 9
123 13.4953 5 1 9 4 5 3
124 13.5318 13 2 1 7 2 1 3 2
125 13.5685 23 3 23 1 2 20 10
126 13.6054 24 7 24 1 7 22 1 7
127 13.6426 20 9 22 20 1 9 21
128 13.6799 18 10 21 1 9 1 5 23
Rank Order
Coefficient 0.2483 0.7230 0.7674
5.3.2.3 DIRSIG / SEBASS Pixel Comparisons: Malapai, 10-20-95, 0630
Figures 5.33 through 5.35 compare single pixel spectra among similar
materials from SEBASS and DIRSIG scenes. Desert pavement, tank, and
vegetation, the same materials examined in the channel ROC comparisons,
were utilized for these comparisons. The series ofpixel comparisons plots
radiance values [W/mA2 st |um], against wavelength. All three DIRSIG spectra
exhibit higher radiance values than their SEBASS counterparts, but the
SEBASS tank spectra does close the gap. It is closer in value to the DIRSIG
spectra than either of the other SEBASS materials, which is consistent with
the spectra displayed earlier in figures 5.28 and 5.29. The SEBASS tank
spectra was one of the brightest materials in the scene, second only to the
vegetation, while in contrast, the DIRSIG tank ranked lowest in its scene over
much of the sensor spectral response. These relative spectral positions within
their respective scenes accounts for the spectral proximity here.
Regardless of their relative spectral values, the general spectral shapes
of all three material pairs is remarkable for their similarity. In all three
pairs, from approximately 8.5 to 13.5 microns the spectra parallel each other
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feature for feature. Short of this region there are some differences among the
spectra within each pair. In all three cases, the DIRSIG spectra exhibit the
same three features at approximately 8.1, 8.3 and 8.6 microns which are also
present in figure 5.36 below, the DIRSIG upwelled radiance spectra. The
latter exhibits a fourth absorption feature at approximately 7.9 microns
which, although faint, is still perceptible in all three DIRSIG spectra. It is also
apparent that the spectral character exhibited throughout all three DIRSIG
material spectra, not just the region short of 8.6 microns, are a reflection of
atmospheric characteristics. Any inherent material specific spectral
characteristics appear to be overshadowed by atmospheric characteristics at
this simulation time.
DIRSIG DP
SEBASS DP
7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14
Wavelength [pm]
Figure 5.33. Spectral comparison ofSEBASS and DIRSIG desert pavement pixels.
Malapai, 10-20-95, 0630.
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Figure 5.34. Spectral comparison of SEBASS and DIRSIG tank pixels. Malapai, 10-20-95,
0630.
139
i i R fl
fc
3.
*A
Cfl
CN 8.2
<
E
5
to 7.6
CJ
c
ca
o
ca
CC 7
7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14
Wavelength [pm]
Figure 5.35. Spectral comparison ofSEBASS and DIRSIG vegetation pixels. Malapai,
10-20-95, 0630.
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Figure 5.36. DIRSIG Upwelled Radiance Spectra. Malapai, 10-20-95, 0630
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5.4 Emissivity Extraction
Comparisons ofLWIR spectral emissivity curves were conducted on
select materials from SEBASS and DIRSIG scenes. In addition to the two
comparisons utilized above in section 5.3: 0630 and 1030 scenes, a third scene
was generated at 0945 on the same day to coincide with radiance data
collected from the Bomem FTS instrument. Samples from the latter were
utilized to generate a portion of the emissivity curves on which the DIRSIG
materials were based. Radiance data from SEBASS truth scenes, DIRSIG
simulations and the Bomem samples were converted to emissivity via the
Planck curve fitting technique outlined above in section 3.4.1.3. Graphs
comparing material radiance values plotted against blackbody radiation
curves as well as emissivity comparisons are presented.
5.4.1 DIRSIG SEBASS Comparisons. Malapai, 10-20-95 @ 1030.
Odd-numbered figures between 5.37 and 5.45 compare the spectral
radiance ofDIRSIG and SEBASS materials plotted against blackbody
radiation curve which were generated as part of the Planck curve fitting
emissivity extraction technique. Temperatures for the Planck blackbody
radiation curves, which provide a more intuitive measure of comparing
radiance values, are indicated in the legend. Even-numbered figures between
5.38 and 5.46 compare the resultant emissivity curves along with the input
emissivity curve utilized by DIRSIG as part of the material parameters.
Three of the five input emissivity curves: desert pavement, road, and
wash, are a product of JHU laboratory reflectance measurements generated
as part of the Western Rainbow study effort. The other two input curves: tank
and vegetation were generated via the Planck curve fitting technique from
Bomem FTS data as described above in section 4.2.6.1. The latter exhibit
more spectral character, which is likely a manifestation of atmospheric
characteristics captured as part of the sampling process.
Desert pavement comparisons, figures 5.38 and 5.39, illustrate the
DIRSIG and SEBASS spectral radiance curves and resultant emissivity
curves with the JHU derived input. Both radiance curves have the same
general shape which translates to comparable emissivity curves. The latter
are remarkable for how close they appear to parallel each. Both spectra
exhibit features attributable to atmospheric absorption features, i.e., features
common to DIRSIG and SEBASS spectra, but absent from the JHU,
laboratory derived spectra. In fact, these same features can be observed in the
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entire family ofDIRSIG and SEBASS spectra, which are further evidence of
their origin as atmospheric.
In spite of their obvious differences, the DIRSIG and SEBASS desert
pavement emissivity cures do still share some general features with their
laboratory derived counterpart. Their shape, excluding the obvious differences
at both ends of the spectra, tends to mimic that of the laboratory spectra
sharing a local minimum at approximately 9.4 microns, as well as local
maximums at 8.7 and 12.4 microns with the latter. This same tendency is
also apparent, although, perhaps to a lesser degree, with both the road and
wash material's emissivity curves. Local minimums and maximums, common
to all three curves are evident in both materials.
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Figure 5.37. Comparison ofDIRSIG and SEBASS desert pavement spectra against their
corresponding black body radiation curves: Malapai, 10-20-95, 1030.
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Figure 5.38. Comparison ofDIRSIG and SEBASS emissivity curves for desert pavement
spectra with the DIRSIG input curve. Malapai, 10-20-95, 1030.
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Figure 5. 39. Comparison ofDIRSIG and SEBASS road spectra against their
corresponding black body radiation curves: Malapai, 10-20-95, 1030
0.86
7.5 8.5 9.5 10.5 11.5
Wavelength [pm]
DIRSIG Road
SEBASS Road
Input Road
12.5 13.5
Figure 5.40. Comparison ofDIRSIG and SEBASS emissivity curves for road spectra with
the DIRSIG input curve. Malapai, 10-20-95, 1030.
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Figure 5.41. Comparison ofDIRSIG and SEBASS tank spectra against their
corresponding black body radiation curves: Malapai, 10-20-95, 1030.
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Figure 5.42. Comparison ofDIRSIG and SEBASS emissivity curves for tank spectra with
the DIRSIG input curve.. Malapai, 10-20-95, 1030.
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Figure 5.43. Comparison ofDIRSIG and SEBASS vegetation spectra against their
corresponding black body radiation curves: Malapai, 10-20-95, 1030.
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Figure 5.44. Comparison ofDIRSIG and SEBASS emissivity curves for vegetation spectra
with the DIRSIG input curve.. Malapai, 10-20-95, 1030.
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Figure 5.45. Comparison ofDIRSIG and SEBASS wash spectra against their
corresponding black body radiation curves: Malapai, 10-20-95, 1030.
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Figure 5.46. Comparison ofDIRSIG and SEBASS emissivity curves for wash spectra with
the DIRSIG input curve.. Malapai, 10-20-95, 1030.
Both tank and vegetation input emissivity curves were derived from
Bomem FTS field data and consequently exhibit more spectral character
throughout their entire spectral response. The tank input curve here, exhibits
more spectral character than the vegetation curve, although during field
collections, the path distance to the tank was approximately 38 meters while
that of the vegetation was 200 (Eismann and Schwartz, 1996). Presumably,
the shorter the path, the less of an affect the atmosphere will play on the
subsequent samples, but that is not evident in the two curves presented here.
It should be noted that both input curves were smoothed with a one by five
convolution kernel whose weights were 0.25, 0.5, 1.0, 0.5, and 0.25.
Similar to the trends outlined above, the DIRSIG and SEBASS
vegetation emissivity curves do share local minimums and maximums with
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the Bomem derived input curve. However, the same trend is more difficult to
define within the set of tank curves. These observations underscore the need
for more robust library ofmaterial emissivity data in the LWIR region of the
spectrum.
5.4.2 DIRSIG SEBASS Comparisons. Malapai, 10-20-95 @ 0630.
Spectral radiance comparisons between DIRSIG and SEBASS
materials from the 0630 simulation along with their corresponding emissivity
curves are presented in figures 5.47 through 5.52. The same three material
categories utilized above in the channel ROC, and single pixel comparisons for
the 0630 simulation, sections 5.3.2.2 and 5.3.2.3 respectively, are represented
here: desert pavement, tank and vegetation. Even numbered figures compare
the spectral radiance of the two scenes against blackbody radiation curves,
while the odd numbered figures compare the resultant emissivities.
Emissivity curves are plotted against their respective input curves, providing
a measure for comparison.
It is clearly evident from all three radiance comparisons that the
Planck curve fitting technique produces a poor fit. In each case, a spike in
radiance values at the short wavelength end of the sampled data resulted in
an early termination of the curve fitting routine and the subsequent poor fit.
As a result, the blackbody radiation curves are produced at abnormally high
temperature values. Ambient air temperatures at the time of scene capture
were approximately 293 K. In comparison, blackbody radiation curves for
DIRSIG materials were generated at temperatures between 300.3 and 300.6
K, while the curves for SEBASS materials were between 294.8 and 296.6 K.
The latter are closer to the ambient air temperatures and consequently
produced a
'better' fit resulting in emissivity curves with higher values than
their DIRSIG counterparts. Both DIRSIG and SEBASS emissivity curves,
however, have substantially lower values than those generated from the 1030
simulation as well as the DIRSIG input curve illustrated here.
Of the three pairs, both the desert pavement and vegetation materials
spectral radiance as well as emissivity curves tend to parallel each other
more closely than the tank pair. Recall that the latter, however, was the one
material that was abnormally bright in the SEBASS scene, appearing as if
the vehicles had been running prior to scene capture. Here, the consequence of
the brighter vehicles appears to be a softening of the spectral character. The
latter, which is evident in all the 0630 material spectra, and as mentioned
earlier in section 5.3.2.3, is likely the affect of atmospheric characteristics.
Clearly, ifmaterial identification and classification is the goal, the
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Figure 5.47. Comparison ofDIRSIG and SEBASS desert pavement spectra against their
corresponding black body radiation curves: Malapai, 10-20-95, 0630.
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Figure 5.48. Comparison ofDIRSIG and SEBASS emissivity curves for desert pavement
spectra with the DIRSIG input curve.. Malapai, 10-20-95.
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Figure 5.49. Comparison ofDIRSIG and SEBASS tank spectra against their
corresponding black body radiation curves: Malapai, 10-20-95, 0630.
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Figure 5.50. Comparison ofDIRSIG and SEBASS emissivity curves for tank spectra with
the DIRSIG input curve.. Malapai, 10-20-95, 0630.
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Figure 5.51. Comparison ofDIRSIG and SEBASS vegetation spectra against their
corresponding black body radiation curves: Malapai, 10-20-95, 0630.
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Figure 5. 52. Comparison ofDIRSIG and SEBASS emissivity curves for vegetation spectra
with the DIRSIG input curve.. Malapai, 10-20-95, 0630.
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atmosphere must necessarily be removed from the radiance spectra prior to
emissivity extraction.
5.4.3 DIRSIG Bomem Comparisons. Malapai, 10-20-95 @ 0945.
Spectral radiance comparisons between DIRSIG and Bomem FTS
materials along with their corresponding emissivity curves are presented in
figures 5.53 through 5.58. Emissivity curves are compared to each other as
well as the DIRSIG input curve. Bomem spectra range from 8 to 14 microns,
while the DIRSIG spectra, which are based on the SEBASS sensor, range from
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Figure 5.53. Comparison ofDIRSIG and Bomem FTS desert pavement spectra against
their corresponding black body radiation curves: Malapai, 10-20-95, 0945.
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Figure 5.54. Comparison ofDIRSIG and Bomem FTS emissivity curves for desert
pavement spectra with the DIRSIG input curve. Malapai, 10-20-95, 0945.
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approximately 7.6 to 13.7 microns. While the spectra are offset slightly, their
overlap is nevertheless, adequate for the comparisons made here. Desert
pavement, tank and wash were the three materials utilized for this
comparison.
The DIRSIG simulation time was 0945 on 10-20-95, but the actual
Bomem samples were collected at approximately 0915, 0945 and 1010 on
10-20-95 for the wash, desert pavement and tank samples respectively.
Collection times for the Bomem samples actually occur over several minutes
as the instrument spatially samples the material within its field-of-view.
Bomem spectral radiance values presented in the figures below are therefore,
averages from 36 separate spatially and temporally sampled spectra for the
desert pavement and wash categories, and 20 spectra for the tank category.
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Figure 5.55. Comparison ofDIRSIG and Bomem FTS tank spectra against their
corresponding black body radiation curves: Malapai, 10-20-95, 0945.
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Figure 5.56. Comparison ofDIRSIG and Bomem FTS emissivity curves for tank spectra
with the DIRSIG input curve. Malapai, 10-20-95, 0945.
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Sensor elevation for the DIRSIG simulation was fixed at 300 feet at
nadir. For comparison, the Bomem instrument was mounted on a scissors lift
at 56 feet, and ground ranges to targets varied from 38 meters for the tank
sequence to 130 meters for the wash sequence. Azimuth and elevation angles,
referenced to magnetic north, varied from 44.37 and -24.16 respectively for the
tank sequence to -28.0 and -8.5 respectively for the wash sequence.
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Figure 5.57. Comparison ofDIRSIG and Bomem FTS wash spectra against their
corresponding black body radiation curves: Malapai, 10-20-95, 0945.
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Figure 5.58. Comparison ofDIRSIG and Bomem FTS emissivity curves for wash spectra
with the DIRSIG input curve. Malapai, 10-20-95, 0945.
In all three cases above, the Bomem curves within the emissivity plots
are a closer match to their respective input emissivity curves than are their
DIRSIG counterparts. The result was the same whether the input emissivity
curve to DIRSIG was laboratory or field derived. DIRSIG curves exhibit more
spectral character than their Bomem counterparts, but the depth of their
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features is less than in that observed in the 1030 DIRSIG simulation where
the sensor elevation was 2500 feet.
Figure 5.56, the emissivity comparison of tank spectra, highlights an
area of concern. The DIRSIG input emissivity curve in this example was
derived from field data, and although the instrument was relatively close to
the sample materials, the signal was still attenuated by the intervening
atmosphere. Any atmospheric effects captured during the field collection have
been propagated through the system as no attempt was made to quantify and
remove them prior to the emissivity extraction routine. Although the
materials are different, a simple comparison between the tank input curve
here with those of the desert pavement and wash materials in figures 5.60
and 5.64 respectively, again illustrates the differences between field and
laboratory derived emissivity data. Both the desert pavement and wash
emissivity curves exhibit much less spectral character throughout the entire
sensor spectral response.
The spectral character exhibited in the tank curve is likely a result of a
combination of effects: atmospheric, instrument noise, as well as inherent
material characteristics. As mentioned above, in an attempt to minimize the
effects of this spectral character, the field derived input curves were smoothed
with a one by five convolution kernel. Nevertheless, as the two tank emissivity
curves illustrate, the spectral character of the input curve was propagated
through the system indicating both that the model works, i.e., the output can
be predicted by the input, but it is also a reminder that the model can only be
as good as the input parameters.
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6.0 Conclusions and Recommendations
Three different airborne sensors: one multispectral and two
hyperspectral, were utilized in this broad-band validation ofDIRSIG.
HYDICE, with 210 channels, encompassed the visible, NIR and SWIR region
of the spectrum from 0.4 to 2.5 microns. SEBASS, as it was configured for the
Western Rainbow study, covered the LWIR region from approximately 7.5 to
14 microns with 128 channels. Daedalus, with only 12 channels, does not
afford the spectral resolution ofHYDICE or SEBASS, but does encompass the
entire region from approximately 0.4 to 14 microns. It was the only sensor of
the three that sampled the MWIR region of the spectrum, from approximately
2.5 to 5.6 microns, but did so with only one channel. In addition to the three
sensors mentioned above, one ground-based imaging spectrometer, a Bomem
FTS, was utilized as a second source for spectral comparisons in the LWIR
region. The DIRSIG scene, while not a one-to-one spatial model with any one
region from the study site, does nevertheless share many common
characteristics with all the truth scenes employed here.
Both daytime and nighttime comparisons were made between DIRSIG
and SEBASS, and DIRSIG and Daedalus sensors. Although material ROCs
were not calculated for the nighttime SEBASS simulation due to a lack of
materials, it still appears that DIRSIG performed better during the daytime
simulation. An average daytime material ROC of 0.8496 was calculated over
the entire 128 channels. As mentioned above, material ROCs were not
calculated for the nighttime run, but the SEBASS and DIRSIG material
spectral plots from the nighttime simulation, figures 5.28 and 5.29
respectively, illustrate their differences. While the relative ranks of the
SEBASS materials are stable over the entire sensor spectral response, the
DIRSIG materials deviate sharply which would likely translate into weak
ROCs.
The Daedalus sensor only utilized channels 11 and 12, the MWIR and
LWIR channels respectively, for its nighttime runs and consequently they are
the only two available for comparison. Of the two, channel 12 had a higher
ROC, which was only slightly less than its daytime counterpart, at 0.8286
and 0.8571 respectively. Channel 11 ROCs, on the other hand, varied more at
0.4857 and 0.8095 for the nighttime and daytime simulations respectively. It
should be noted that the daytime figures utilized here were generated from
the 10-21 simulation at 1115, the same day as the nighttime simulation.
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6. 1 DIRSIG SEBASS Comparisons
It appears that DIRSIG is fully capable of simulating a daytime, LWIR
hyperspectral scene given accurate input material parameters, but as
mentioned above, appears to fall short during nighttime simulations. As the
spectral plots in figures 5.28 and 5.29 indicate, the latter are lower in
contrast and consequently more susceptible to any deficiencies in material
parameters that may not impact daytime simulations. Slight temperature
variations among materials will also be more likely to adversely impact
nighttime material rankings. The inadequacies ofTHERM have been most
recently documented by Kraska (1996) where the inability to model
conduction between facets, internal heat sources, and the effects ofwind on
facet temperatures were documented. An ability to include shape factors in
the determination of facet temperatures may also improve the thermal
modeling of materials.
Vegetation often appeared as the brightest object in nighttime truth
scenes, which this author believes was due to slowing down the process of
radiational cooling between the background soil and the atmosphere. It was
the brightest object across approximately the first 100 channels and then
second only to the tank spectra, which appeared to have been running prior to
scene capture. In contrast, the DIRSIG vegetation, while also appearing
bright, only ranked number one from approximately channel 16 to 50. In the
truth scene, vegetation appears to have acted as a trap for the heat from the
background soil, slowing down its transfer to the atmosphere. In order to
accurately simulate this effect, THERM, or any other thermal model
considered by DIRS, must have the ability to consider how much of the sky
dome is visible to a facet prior to determining its temperature.
Comparisons of daytime and nighttime channel rankings across
several channels in SEBASS and DIRSIG scenes also indicated that DIRSIG
was better suited to simulating daytime rather than nighttime scenes.
Average ROCs over four groups of 24 channels for three different material
categories were 0.9720 and 0.5172 for nighttime and daytime simulations
respectively. It should be noted that the tank category was one of the three
materials compared, and that it appears to have been running prior to scene
capture. Ifwe discard the tank category here, the nighttime average channel
ROC improves to 0.5668. Obviously, the poor results cannot be attributed
solely to the inclusion of a badly matched material category. The author also
thought that perhaps the poor rankings were in part, a reflection of
instrument noise. However, the median noise-equivalent spectral radiance
(NESR) for the SEBASS sensor, as reported by Johnson, et al., (1995), is
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approximately 0.011 W/m2 st jum per pixel so it appears unlikely that noise
levels played any significant role in the ROC outcome here.
Pixel comparisons between DIRSIG and SEBASS are more difficult to
interpret. Spectra from both the daytime and nighttime simulations tend to
parallel each other. No attempt was made to interrogate the data beyond
simple visual interpretations. However, spectra from the daytime
simulations tend to follow the general shape of a blackbody radiation curve,
while the nighttime spectra exhibited more spectral character. The latter
seem to be a reflection of atmospheric characteristics rather than material
specific features.
6.2 DIRSIG HYDICE Comparison
Although only one daytime HYDICE scene was utilized for comparison
in this study, it appears that DIRSIG is fully capable of simulating a
hyperspectral scene encompassing the visible, NIR and SWIR regions of the
spectrum. Average ROCs for 12 materials over 48 channels spread throughout
the sensor's spectral response was 0.9171. The lowest ROCs were encountered
in the NIR region of the spectrum, with the majority of error attributed to the
vegetation category. Normally live vegetation would produce a high signal in
this region and DIRSIG signals for vegetation followed this trend. However,
HYDICE vegetation signals in this region were lower than expected. The
author attributes this falloff in HYDICE signal, in part, to the sampling
technique, where errant background and shadow pixels likely contaminated
the vegetation category. It is also quite possible that the sampled areas
contained senescent vegetation which would contribute to a lower signal. A
second material ROC was conducted utilizing a DIRSIG mixed vegetation
category resulting in a slight increase of the average ROC over the 48 sampled
channels to 0.9237.
Results from channel ranks between HYDICE and DIRSIG scenes were
not as conclusive as the material ROCs reported above. Channel ROCs for
desert pavement and vegetation, the only materials examined, did not
perform as well in the visible regions of the spectrum as they did in the NIR
and SWIR regions. The poor channel rankings observed with the vegetation
category did not improve with the use of a mixed vegetation category. The
latter was created by mixing shadow and wash pixels with vegetation pixels
and did lower the overall radiance levels. However, the poor performance in
the visible regions of the spectrum seem to suggest a difference in spectral
makeup rather than magnitude which is corroborated by a comparison of the
DIRSIG and HYDICE vegetation pixel spectra. Pixel comparisons in general,
155
did parallel each other. As with the vegetation comparison, the greatest
difference between the different pair of spectra was encountered in the visible
region.
6.3 DIRSIG Daedalus Comparison
Comparisons between the four Daedalus and DIRSIG scenes also seem
to suggest that, given accurate input parameters, DIRSIG is capable of
simulating a broad band, daytime multispectral scene. ROCs across all
twelve channels for the three daytime simulations averaged 0.8425. The two
Malapai comparisons had averages of 0.8388 and 0.8874, while JCCD's
average was 0.8013. In all three cases ROCs were negatively impacted by less
than ideal material comparisons. Objects with various camouflage
treatments, as well as the Scud category and the Alum decoy in the JCCD
simulation were all suspect in this regard. By removing the Scud and Alum
decoy categories from the 10-20 Malapai, and 10-22 JCCD simulations, their
average ROCs across all 12 channels improved to 0.8667 and 0.8489
respectively.
The channel 12 ROC for the one nighttime Daedalus DIRSIG
comparison suggests that DIRSIG is better equipped to simulate the LWIR
region of the spectrum from approximately, 8.0 to 14.0 microns, with a single,
wide band-width channel from a multispectral sensor than with 128 narrow
bands from a hyperspectral sensor. The nighttime Daedalus ROC for channel
12 was 0.8286 while the SEBASS material ROCs were not calculated for
want of sufficient materials. SEBASS spectra do appear to be less stable at
both ends of the sensor spectral response, which coincide with regions where
the Daedalus sensor response assigns a low weight. A straight comparison
between the Daedalus channel 12 ROC with an average ROC over 128
SEBASS channels would not be reliable. Still, the high Daedalus figure does
indicate that DIRSIG, in its current configuration, may be adequate for
nighttime simulations of a single, LWIR channel, typical ofmultispectral
sensors.
6.4 Emissivity Extraction
A Planck curve fitting technique was utilized to extract spectral
emissivity data from SEBASS, DIRSIG and Bomem FTS radiance spectra.
The method appeared to work well for daytime collections and simulations.
Nighttime fits, however, were less than adequate. In each case, a spike in
radiance values at the short wavelength end of the sampled data resulted in
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an early termination of the curve fitting routine and the subsequent poor fit.
Although the author did not remove the atmosphere prior to emissivity
extraction, doing so would certainly improve the curve fit with nighttime
spectra and should necessarily be an integral component of any emissivity
extraction technique where material classification is the goal.
6.5 DIRSIG Recommendations
While many obstacles were encountered during the process of
generating a DIRSIG scene, perhaps the most frustrating was the time
involved at almost every stage of the process. Months of effort are required at
the front end to build a scene with sufficient detail to simulate the real world.
However, the computer processing time involved at the tail end to generate a
scene of even modest detail is prohibitive. An initial goal had been to generate
a 1024 by 1024 output image, but the processing time involved would not
permit it. The author started producing 512 by 512 images which often took
seven to ten days to generate. At the same rate, a 1024 by 1024, would take
over one month to generate. Perhaps the computing system employed by DIRS
is more stable at present, but at the time the author was generating scenes
for this project, the system required rebooting on a much more frequent
schedule than once a month. Generating a 1024 by 1024 scene, would
therefore, be impossible. To facilitate the generation process, the author
settled on producing 256 by 256 scenes sectioned from a 512 by 512 template.
Even so, the generation time was often three or more days. If the future
direction ofDIRSIG is to include hyperspectral scenes on the order of ones
produced for this project (approximately 50,000 facets), a more powerful
computing system would seem necessary.
At the present time, a poked-pixel routine exists to display radiance
values on a pixel by pixel basis rather than extracting the data from a full
scene. However, the routine does not yet afford the ability to incorporate the
sensor response function and therefore is of limited use in performing spectral
comparisons between truth and DIRSIG pixels. The routine's potential in
terms of time savings is tremendous. Users could query individual pixels of a
1024 by 1024 scene or greater in a matter ofminutes rather than waiting
weeks to generate the entire scene.
As of this writing, the extract_image routine which allows users to
generate various debug images is not available with hyperspectral scenes of
the magnitude produced here. Apparently the problem relates to the number
of channels associated with the hyperspectral sensor, but in the author's case,
the routine was not available with either the SEBASS or HYDICE scenes
which utilized 128 and 210 channels respectively. Initially, the author was
advised not generate the composite debug file during the scene generation
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process due to the size of the file being produced. Again, the computer system
lacks the ability to even generate a hyperspectral 512 by 512 image with the
composite debug file. However, the author did generate composite debug files
with 256 by 256 images only to discover that the routine did not allow one to
extract the individual debug images. A material map, one of the files
available through the extract_image routine, would certainly have been
beneficial as an aid in the selection process for pixels utilized in the ROC
comparisons. Temperature and shape factor maps, as well as path and
downwelled radiance files would have been useful tools during the project.
These are basic DIRSIG tools that are as yet, unavailable to those involved in
hyperspectral simulations.
As mentioned previously, the thermal model appears ineffective at
modeling LWIR, nighttime hyperspectral scenes. An entirely new model that
provides better representations of the subtle temperature variations between
contiguous facets found in nighttime scenes may be necessary. It would seem
likely that a replacement capable ofmodeling thermal conduction between
neighboring facets, internal heat sources, and account for shape factor,
distance to obscuring object, as well as wind effects in determining
radiational cooling would be better equipped to simulate lower contrast
nighttime scenes.
6.6 Summary
As indicated in the preceding sections, the author believes that DIRSIG
is fully capable of simulating a broad-band, daytime multispectral or
hyperspectral scene. While it did appear capable of simulating a broad-band,
multispectral nighttime scene, it falters in its ability to produce the same
Broad-band as a hyperspectral scene. Although an error analysis was not
performed, it appears likely that the thermal submodel is the weak link.
The DIRSIG scene generated here was not an exact model of any one
area within the study site. Although the author believes that a more precise
representation of the truth scene would not dramatically alter the results, it
may nevertheless lend more credence to the figures. Either a smaller scene
could be generated, or a section of the DIRSIG scene could be modified that
more accurately models the spatial, geometric and material fidelity of some
area of the study site. A more robust, one-to-one validation would then be
possible.
Although this project has demonstrated the potential for utilizing
DIRSIG to simulate an imaging spectrometer, material categories utilized for
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the simulations were limited. A larger material sampling would provide a
more robust picture ofDIRSIG's capabilities.
While other emissivity extraction techniques were presented in section
3.4, the Planck curve fitting technique was the only one utilized here. It did,
however, prove to be a simple and useful mechanism for emissivity extraction.
Still, it would be a useful exercise to compare its merits in a simulation
environment, with one or more of the other techniques outlined above. In
addition, atmospheric correction, while not performed here, is paramount to
any emissivity extraction technique where material classification is the goal.
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Apendix A DIRSIG Files
YUMA2 01 . rsd YUMA2 0 2 . rsd
0.261 991..000 25.420 4.868 0..262 991.,000 33.200 22.180
0.270 990..000 25.110 4.383 0..279 989..000 32.680 21.736
0.301 986..000 24.340 3.557 0..310 985..000 30.990 20.221
0.328 983..000 23.970 3.350 0..333 983..000 30.600 19.895
0.358 980..000 23.820 3.495 0..354 980..000 30.070 19.440
0.386 977..000 24.120 3.479 0..375 978..000 29.870 19.287
0.418 973..000 24.940 3.674 0..404 975..000 29.650 19.115
0.445 970..000 26.010 3.758 0..431 972..000 29.580 19.081
0.476 967.,000 27.140 3.770 0..456 969..000 29.110 18.680
0.948 916 .000 26.800 1.707 0..475 967..000 29.010 18.588
1.394 871 .000 23.600 -1.025 0..937 918..000 27.100 16.622
1.802 831 .000 20.740 -5.515 1..355 876..000 23.780 13.503
2.251 788 .000 17.720 -8.167 1..756 836..000 21.470 11.192
2.688 749 .000 14.290 -10.855 2..158 798..000 18.290 7.898
3.093 713 .000 11.920 -12.985 2..530 764..000 15.970 5.718
3.512 678 .000 9.940 - 13.195 2..955 726..000 12.740 1.958
3.928 645 .000 7.240 - 15.284 3..373 691..000 10.300 -0.633
4.335 614 .000 4.560 - 17.058 3..734 658..000 8.050 - -2.060
4.763 582 .000 1.370 - 20.498 4..174 627..000 6.610 - -3.632
5.170 553 .000 -1.150 -23 .119 4..535 600..000 3.760 - -6.385
5.604 524 .000 -3.440 -25.350 4..954 570..000 0.910 - 9.395
6.014 497 .000 -7.210 -28.409 5..353 542..000 -1.310 -11.620
6.442 470 .000 -10.83C' -31.128 5..736 516..000 -4.140 -14.396
6.860 445 .000 -14.31C -33.282 6..178 488..000 -8.140 -18.204
7.279 421 .000 -17.47C' -35.472 6..604 462.,000 -12.02C) -21.969
7.694 398 .000 -20.86C -36.841 7..020 437..000 -14.85CI -24.642
8.119 376 .000 -25.41C -38.873 7 452 413..000 -18.41CI -28.027
8.564 353 .000 -28.560 -41.926 7..855 391..000 -21.98CI -31.343
9.040 330 .000 -30.35C -45.258 8..265 369..000 -27.37CI -36.635
9.501 309..000 -34.580 -49.609 8..729 346.,000 -28.63C) -38.277
9.953 290 .000 -38. 11C -52.577 9..166 326..000 -30.26CI -39.954
10.396 272.000 -41.540 -55.498 9..841 296..000 -34.03C1 -43.717
10.759 256.000 -44.837 -57.988 10.060 287.000 -38.660 -48.380
First Column:
Second Column:
Third Column:
Fourth Column:
Altitude km
Pressure mb
Temperture C
Dew Point Temperature C
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YUMA102095 .wth
193 0.25
0.00 22.14 988 487 0 38 -1 2 15 0 0000 0 0000 1 0 0 0 0
0.25 22.02 988 487 0 40 -1 2 02 0 0000 0 0000 1 0 0 0 0
0.50 21.54 988 487 0 41 -1 2 12 0 0000 0 0000 1 0 0 0 0
0.75 20.98 988 487 0 42 -1 2 14 0 0000 0 0000 1 0 0 0 0
1.00 20.75 988 825 0 43 -1 2 26 0 0000 0 0000 1 0 0 0 0
1.25 21.47 988 825 0 44 -1 2 05 0 0000 0 0000 1 0 0 0 0
1.50 20.76 988 825 0 44 -1 1 69 0 0000 0 0000 1 0 0 0 0
1.75 20.12 988 825 0 44 -1 1 72 0 0000 0 0000 1 0 0 0 0
2.00 19.82 988 825 0 46 -1 2 24 0 0000 0 0000 1 0 0 0 0
2.25 19.97 988 825 0 47 -1 1 93 0 0000 0 0000 1 0 0 0 0
2.50 19.74 988 825 0 49 -1 2 10 0 0000 0 0000 1 0 0 0 0
2.75 19.36 988 825 0 50 -1 2 19 0 0000 0 0000 1 0 0 0 0
3.00 19.54 988 825 0 52 -1 1 90 0 0000 0 0000 1 0 0 0 0
3.25 19.59 988 825 0 54 -1 2 89 0 0000 0 0000 1 0 0 0 0
3.50 19.56 988 825 0 54 -1 2 94 0 0000 0 0000 1 0 0 0 0
3.75 19.28 988 825 0 55 -1 2 39 0 0000 0 0000 1 0 0 0 0
4.00 19.02 988 825 0 55 -1 2 41 0 0000 0 0000 1 0 0 0 0
44 00 28 43 988 487 0 12 -1 2 47 0 0000 0 0000 1 0 0 0 0
44 25 27 62 988 487 0 12 -1 2 46 0 0000 0 0000 1 0 0 0 0
44 50 27 21 988 487 0 12 -1 2 52 0 0000 0 0000 1 0 0 0 0
44 75 26 90 988 487 0 13 -1 2 11 0 0000 0 0000 1 0 0 0 0
45 00 26 50 988 487 0 13 -1 2 37 0 0000 0 0000 1 0 0 0 0
45 25 25 85 988 487 0 13 -1 1 44 0 0000 0 0000 1 0 0 0 0
45 50 25 23 988 487 0 13 -1 1 67 0 0000 0 0000 1 0 0 0 0
45 75 24 49 988 487 0 14 -1 1 59 0 0000 0 0000 1 0 0 0 0
46 00 23 81 988 825 0 14 -1 0 59 0 0000 0 0000 1 0 0 0 0
46 25 23 35 988 487 0 14 -1 1 31 0 0000 0 0000 1 0 0 0 0
46 50 23 31 988 487 0 14 -1 2 16 0 0000 0 0000 1 0 0 0 0
46 75 22 72 987 810 0 15 -1 2 77 0 0000 0 0000 1 0 0 0 0
47 00 22 10 988 148 0 15 -1 2 17 0 0000 0 0000 1 0 0 0 0
47 25 21 80 988 148 0 15 -1 2 21 0 0000 0 0000 1 0 0 0 0
47 50 21 94 988 148 0 15 -1 2 27 0 0000 0 0000 1 0 0 0 0
47 75 21 91 987 810 0 15 -1 2 32 0 0000 0 0000 1 0 0 0 0
48 00 21 91 987 810 0 15 -1 2 32 0 0000 0 0000 1 0 0 0 0
First Column:
Second Column:
Third Column:
Fourth Column:
Fifth Column:
Sixth Column:
Seventh Column:
Eight Column:
Ninth Colunm:
Tenth Colunm:
Eleventh Column:
Twelth Column:
Thirteenth Column:
Time
Temperature C
Pressure mb
Relative Humidity %
Dew Point Temperature (not used,
Wind Speed m/s
Direct Insolation Langley/hour
Difuse Insolation Langley/hour
Sky Exposure (0=Cloudy, l=Clear)
Cloud Type (0=None)
Precipitation Type (0=No Rain)
Precipitation Rate cm/h
Precipitation Temperature C
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Daedalus Emissivity HYDICE EMISSIVITY SEBASS EMISSIVITY
MAXIMUM_FREQUENCY 39850
MINIMUM_FREQUENCY 350
DELTA_FREQUENCY 100
1
1.000000
1.001033
MAXIMUM_FREQUENCY 26000
MINIMUM_FREQUENCY 4000
DELTA_FREQUENCY 25
1
1.000000
1.001033
MAXIMUM_FREQUENCY 13 50
MINIMUM_FREQUENCY 650
DELTA_FREQUENCY 2
1
1.000000
1.001033
0.885331
0.000000
0
39850
39750
39650
39550
1.00000
1.00000
1.00000
1.00000
0.885331
O.OOOOOC)
0
26000 1.,00000
25975 1,,00000
25950 1,.00000
25925 1,.00000
0.885331
0.000000
0
1350 0.,972542
1348 0. 972594
1346 0. 972607
1344 0, 972517
1350 0.877927
1250 0.906222
1150 0.842121
1050 0.859308
950 0.894440
850 0.934154
750 0.943149
650 1.00000
550 1.00000
450 1.00000
350 1.00000
4250 0 .752394
4225 0 .751063
4200 0 .750800
4175 0 .750420
4150 0 .751212
4125 0 .753376
4100 0 .756086
4075 0 .758195
4050 0 .759631
4025 0 .761268
4000 0 .762357
672 0 .969531
670 0 .972467
668 1 .00000
666 1..00000
664 1..00000
662 1..00000
660 1.,00000
658 1..00000
656 1..00000
654 1..00000
652 1. 00000
Maximum, Minimum and Delta Frequencies expressed as inverse centimeters
Number of emissivity curves in the file (1 in all three cases above)
Ratios of the emissivity listed in file to the value at an angle, 0 to
90 degrees, in one degree increments
Curve number (0 in all three cases above)
Two Columns: Frequency and Emissivity
165
###########################################################################
# The Following Material File is for the Daedalus Runs
#
# FILE TYPE: DIRSIG Materials file
# CREATEOR:
~
convert_materials ' utility
# DATE Wed Oct 4 12:37:27 EDT 1995
# NOTES : Entries can be arannged in any order
Tags within any entry can be in any order
A minimal set of tags are required (see below)
Required Tags :
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME
MATERIAL_ID
SPECIFIC_HEAT
THERMAL_CONDUCTIVITY
MASS_DENSITY
SPECULARITY
VISIBLE_EMISSIVITY
THERMAL_EMISSIVITY
EXPOSED_AREA
OPTICAL_DESCRIPTION
EMISSIVITY_FILE
MATERIAL_ENTRY_END
Optional /Additional Tags:
EXTINCTION_FILE
TEXTURE_FILE
USE GAUSSIAN TEXTURE
start an entry
name of the material
#ID of the material
specific heat
thermal conductivity
mass desnity
specularity of the material surface
0.0 = 100% diffuse and 1.0 = 100% specular
solar/incident emissivity
thermal/exit emissivity
DCS/THERM surface area term
OPAQUE , OPAQUE , or
NONOPAQUE
name of emissivity file
end of entry
extiction file -- required for transmission
name DIRSIG Texture Image file for material
flag to generate gaussian texture
###############################################################################
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = 2_Reflector
MATERIAL_ID 1
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY 0.0000
MASS_DENSITY = 1.0000
SPECULARITY = 0.00
VISIBLE_EMISSIVITY = 0.98
THERMAL_EMISSIVITY = 0.9 8
EXPOSED_AREA = 0.17
0PTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = new_2_Reflector . ems
TEXTURE_FILE = 2_Reflector.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = 4_Reflector
MATERIAL_ID = 2
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCT IVITY = 0.0000
MASS_DENSITY = 1.0000
SPECULARITY = 0.00
VISIBLE_EMISSIVITY =0.96
THERMAL_EMISSIVITY = 0.9 6
EXPOSED_AREA =0.17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = new_4_Ref lector . ems
TEXTURE_FILE = 4_Reflector.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = 12_Reflector
MATERIAL_ID = 3
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY = 0.0000
MASS_DENSITY = 1.0000
SPECULARITY =0.00
VISIBLE_EMISSIVITY = 0.88
THERMAL_EMISSIVITY = 0.88
EXPOSED_AREA =0.17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = new_jhu_rp_l 2 . ems
TEXTURE_FILE - 12_Reflector.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = 48_Reflector
MATERIAL_ID = 6
SPECIFIC_HEAT = 1.0 000
THERMAL_CONDUCTIVITY = 0.0000
MASS_DENSITY = 1.0000
SPECULARITY = 0.00
VISIBLE_EMISSIVITY = 0.52
THERMAL_EMISSIVITY = 0.52
EXPOSED_AREA =0.17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE new_jhu_rp_4 8 . ems
TEXTURE_FILE = 48_Reflector.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = 24_Reflector
MATERIAL_ID - 4
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY 0.0000
MASS_DENSITY = 1.0000
SPECULARITY 0.00
VISIBLE_EMISSIVITY = 0.7 6
THERMAL_EMISSIVITY = 0.7 6
EXPOSED_AREA = 0 . 17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE new_jhu_rp_24 . ems
TEXTURE_FILE = 24_Reflector.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = 60_Reflector
MATERIAL_ID = 7
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY = 0.0000
MASS_DENSITY = 1.0000
SPECULARITY =0.00
VISIBLE_EMISSIVITY =0.40
THERMAL_EMISSIVITY =0.40
EXPOSED_AREA =0.17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE new_jhu_rp_60 . ems
TEXTURE_FILE = 60_Reflector.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL ENTRY END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = 36_Reflector
MATERIAL_ID 5
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY 0.0000
MASS_DENSITY = 1.0000
SPECULARITY 0.00
VISIBLE_EMISSIVITY =0.64
THERMAL_EMISSIVITY =0.64
EXPOSED_AREA =0.17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE _ new_jhu_rp_3 6 . ems
TEXTURE_FILE = 3 6_Reflector.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = sand
MATERIAL_ID = 8
SPECIFIC_HEAT = 0.1000
THERMAL_CONDUCT IVITY 2.0000
MASS_DENSITY = 1.00 00
SPECULARITY =0.05
VISIBLE_EMISSIVITY = 0.5790665
THERMAL_EMISSIVITY =0.75
EXPOSED_AREA - 0.30
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = new_WR_WASH . ems
TEXTURE_F ILE sand . tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = dirt_road
MATERIAL_ID = 9
SPECIFIC_HEAT = 0.2000
THERMAL_CONDUCTIVITY 5.0000
MASS_DENSITY = 1.3500
SPECULARITY = 0 . 10
VISIBLE_EMISSIVITY = 0.6671523
THERMAL_EMISSIVITY = 0.90
EXPOSED_AREA - -0.50
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = new_WR_TEC_ROAD . ems
TEXTURE_FILE = soil.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = desert_pavement
MATERIAL_ID =10
SPECIFIC_HEAT = 0.5400
THERMAL_CONDUCTIVITY = 10.00
MASS_DENSITY 1.0000
SPECULARITY =0.00
VISIBLE_EMISSIVITY = 0.803531
THERMAL_EMISSIVITY = 0.8823 69
EXPOSED_AREA 0 . 7
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = new_WR_DP . ems
TEXTURE_FILE - gravel . tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME camouf lage_nets_l
MATERIAL_ID =11
SPECIFIC_HEAT = 0.310 6
THERMAL_CONDUCTIVITY = 0.5100
MASS_DENSITY = 0.0300
SPECULARITY =0.00
VISIBLE_EMISSIVITY 0.881099
THERMAL_EMISSIVITY = 0.954544
EXPOSED_AREA = 0.35
OPTICAL_DESCRIPTION -
UNIFORM_TRANSMISSION
THICKNESS = .1
EMISSIVITY_FILE - new_jhu_01dodwood. ems
EXTINCTION_FILE = jhu_01dodwood. ext
TEXTURE_FILE camouflage_nets.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL ENTRY END
0.8849248
0.950125
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = camouf lage_nets_2
MATERIAL_ID 12
SPECIFIC_HEAT = 0.3106
THERMAL_CONDUCTIVITY = 0.510 0
MASS_DENSITY = 0.0300
SPECULARITY 0.00
VISIBLE_EMISSIVITY =
THERMAL_EMISSIVITY -
EXPOSED_AREA 0.35
THICKNESS = .1
OPTICAL_DESCRIPTION
UNIFORM_TRANSMISS ION
EMISSIVITY_FILE = new_jhu_33desert . ems
EXTINCTION_FILE = jhu_33desert . ext
TEXTURE_FILE = camouf lage_nets . tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = camouf lage_nets_3
MATERIAL_ID =13
SPECIFIC_HEAT = 0.310 6
THERMAL_CONDUCTIVITY - 0.5100
MASS_DENSITY = 0.03 00
SPECULARITY =0.00
VISIBLE_EMISSIVITY = 0.814795
THERMAL_EMISSIVITY = 0.949245
EXPOSED_AREA = 0.3 5
THICKNESS . 1
OPTICAL_DESCRIPTION =
UNIFORM_TRANSMISS ION
EMISSIVITY_FILE = new_jhu_fallonl . ems
EXTINCTION_FILE = jhu_fallonl . ext
TEXTURE_FILE = camouflage_nets.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEG IN
MATERIAL_NAME = camouf lage_nets_4
MATERIAL_ID 14
SPECIFIC_HEAT = 0.3106
THERMAL_CONDUCTIVITY = 0.5100
MASS_DENSITY 0.0300
SPECULARITY = 0.00
VISIBLE_EMISSIVITY 0.726809
THERMAL_EMISSIVITY 0.869001
EXPOSED_AREA 0.35
THICKNESS = .1
OPTICAL_DESCRIPTION =
UNIFORM_TRANSMISS ION
THICKNESS = .1
EMISSIVITY_FILE = new_jhu_llmilikn . ems
EXTINCTION_FILE = jhu_12milikn. ext
TEXTURE_F ILE camouf 1age_nets . tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL ENTRY END
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = camouf lage_nets_5
MATERIAL_ID =15
SPECIFIC_HEAT = 0.3106
THERMAL_CONDUCTIVITY = 0.5100
MASS_DENSITY = 0.0300
SPECULARITY = 0.00
VISIBLE_EMISSIVITY = 0.923057
THERMAL_EMISSIVITY = 0.964679
EXPOSED_AREA = 0.35
THICKNESS = .1
OPTICAL_DESCRIPTION
UNIFORM_TRANSMISSION
EMISSIVITY_FILE = new_jhu_27woodld. ems
EXTINCTION_FILE = jhu_27woodld . ext
TEXTURE_FILE = camouflage_nets.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = painted_steel_r_l
MATERIAL_ID = 16
SPECIFIC_HEAT = 0.0890
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY = 7.8330
SPECULARITY = 0.3 0
VISIBLE_EMISSIVITY = 0.751796
THERMAL_EMISSIVITY = 0.70
EXPOSED_AREA = -0.50
OPTICAL_DESCRIPTION OPAQUE
EMISSIVITY_FILE new_WR_R20_TOP . ems
TEXTURE_FILE = painted_steel_roof.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = painted_steel_s_l
MATERIAL_ID =17
SPECIFIC_HEAT = 0.0890
THERMAL_CONDUCTIVITY 464.4000
MASS_DENSITY - 7.833 0
SPECULARITY = 0.3 0
VISIBLE_EMISSIVITY = 0.751796
THERMAL_EMISSIVITY = 0.25
EXPOSED_AREA -0.50
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE =
new_painted_steel_side . ems
TEXTURE_FILE = painted_steel_side.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME painted_steel_r_2
MATERIAL_ID =18
SPECIFIC_HEAT = 0.0890
THERMAL_CONDUCTIVITY 464.4000
MASS_DENSITY = 7.83 3 0
SPECULARITY = 0.3 0
VISIBLE_EMISSIVITY = 0.82 83 44
THERMAL_EMISSIVITY = 0.70
EXPOSED_AREA = -0.50
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE
new_WR_T72_GREEN_TOP . ems
TEXTURE_FILE = painted_steel_roof.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = painted_steel_s_2
MATERIAL_ID 19
SPECIFIC_HEAT = 0.1111
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY 7.8330
SPECULARITY 0.3 0
VISIBLE_EMISSIVITY 0.808342
THERMAL_EMISSIVITY 0.25
EXPOSED_AREA -0.55
OPTICAL_DESCRIPTION OPAQUE
EMISSIVITY_FILE =
new_WR_T72_GREEN_SIDE . ems
TEXTURE_FILE painted_steel_side . tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME painted_steel_r_3
MATERIAL_ID =20
SPECIFIC_HEAT 0.0890
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY 7.83 3 0
SPECULARITY = 0.3 0
VISIBLE_EMISSIVITY 0.80
THERMAL_EMISSIVITY 0.70
EXPOSED_AREA -0.50
OPTICAL_DESCRIPTION OPAQUE
EMISSIVITY_FILE =
new_painted_steel_roof . ems
TEXTURE_FILE painted_steel_roof . tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
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.25
OPAQUE
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME painted_steel_s_3
MATERIAL_ID =21
SPECIFIC_HEAT = 0.1111
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY = 7.8330
SPECULARITY = 0.30
VISIBLE_EMISSIVITY = 0 .
THERMAL_EMISSIVITY = 0 .
EXPOSED_AREA = -0.55
OPTICAL_DESCRIPTION =
EMISSIVITY_FILE =
new painted steel side . ems
TEXTURE_FILE = painted_steel_side.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEG IN
MATERIAL_NAME = painted_steel_r_4
MATERIAL_ID =22
SPECIFIC_HEAT = 0.0890
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY = 7.8330
SPECULARITY = 0.3 0
VISIBLE_EMISSIVITY = 0 .
THERMAL_EMISSIVITY - 0 .
EXPOSED_AREA = -0.50
OPTICAL_DESCRIPTION =
EMISSIVITY_FILE =
new_painted_steel_roof . ems
TEXTURE_FILE painted_steel_roof . tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEG IN
MATERIAL_NAME = painted_steel_s_4
MATERIAL_ID =23
SPECIFIC_HEAT = 0.1111
THERMAL_CONDUCTIVITY 464.4000
MASS_DENSITY 7.8330
SPECULARITY = 0.3 0
VISIBLE_EMISSIVITY = 0.9 8
THERMAL_EMISSIVITY = 0.25
EXPOSED_AREA -0.55
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE =
new_painted_steel_side . ems
TEXTURE_FILE painted_steel_side . tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
30
70
OPAQUE
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME missle
MATERIAL_ID =24
SPECIFIC_HEAT 0.0890
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY 7.8330
SPECULARITY = 0.3 0
VISIBLE_EMISSIVITY = 0.94606
THERMAL_EMISSIVITY = 0.70
EXPOSED_AREA -0.50
OPTICAL_DESCRIPTION OPAQUE
EMISSIVITY_FILE = new_WR_MISSLE . ems
TEXTURE_FILE painted_steel_roof . tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = rusted_steel
MATERIAL_ID 25
SPECIFIC_HEAT = 0.1111
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY = 7.83 3 0
SPECULARITY 0 . 00
VISIBLE_EMISSIVITY 0.688015
THERMAL_EMISSIVITY =0.25
EXPOSED_AREA = -0.55
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE =
new_WR_TEC_RUSTY_TAN . ems
TEXTURE_FILE = painted_steel.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = black_wood
MATERIAL_ID =26
SPECIFIC_HEAT = 0.4020
THERMAL_CONDUCTIVITY = 0.8600
MASS_DENSITY = 1.0000
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.95
THERMAL_EMISSIVITY =0.90
EXPOSED_AREA = -0.60
OPTICAL_DESCRIPTION OPAQUE
EMISSIVITY_FILE = new_black_wood. ems
TEXTURE_FILE black_wood.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME tree_trunk
MATERIAL_ID =27
SPECIFIC_HEAT = 0.6700
THERMAL_CONDUCTIVITY = 0.8600
MASS_DENSITY = 0.6000
SPECULARITY = 0.00
VISIBLE_EMISSIVITY 0.99
THERMAL_EMISSIVITY 0 . 97
EXPOSED_AREA = -0.15
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = new_bare_wood . ems
TEXTURE_FILE = bare_wood.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = glassl
MATERIAL_ID = 30
SPECIFIC_HEAT 0.5200
THERMAL_CONDUCTIVITY =
MASS_DENSITY 1.0000
SPECULARITY = 0.20
VISIBLE_EMISSIVITY = 0.
THERMAL_EMISSIVITY = 0 .
EXPOSED_AREA = -0.65
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = new_glass . ems
TEXTURE_FILE = glass.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
12.0400
.70
30
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = bush
MATERIAL_ID = 28
SPECIFIC_HEAT 1.0000
THERMAL_CONDUCTIVITY = 0.0000
MASS_DENSITY 1.0000
SPECULARITY =0.00
VISIBLE_EMISSIVITY =0.90
THERMAL_EMISSIVITY =0.96
EXPOSED_AREA 0.17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE =
new_WR_TEC_ENCELIA_BUSH . ems
EXTINCTION_FILE = plant_leaf . ext
TEXTURE_FILE plant_leaf.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL ENTRY END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = deciduous
MATERIAL_ID =31
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY = 0.000 0
MASS_DENSITY = 1.0000
SPECULARITY = 0.00
VISIBLE_EMISSIVITY =0.88
THERMAL_EMISSIVITY =0.96
EXPOSED_AREA =0.15
THICKNESS 0 . 1
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE new_deciduous . ems
EXTINCTION_FILE plant_leaf . ext
TEXTURE_FILE = plant_leaf . tex
USE_GAUSSIAN_TEXTURE = TRUE
MATERIAL ENTRY END
MATERIAL_ENTRY_BEG IN
MATERIAL_NAME = rubber
MATERIAL_ID =29
SPECIFIC_HEAT = 0.2986
THERMAL_CONDUCTIVITY = 1.3 00 0
MASS_DENSITY 1.1980
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.98
THERMAL_EMISSIVITY =0.70
EXPOSED_AREA = -0.65
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = new_WR_mod_tire . ems
TEXTURE_FILE = tire. tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = aluminum
MATERIAL_ID =32
SPECIFIC_HEAT = 0.219 8
THERMAL_CONDUCTIVITY 2064.000
MASSJDENSITY = 2.700
SPECULARITY = 0.10
VISIBLE_EMISSIVITY =0.15
THERMAL_EMISSIVITY =0.10
EXPOSED_AREA = -1.00
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = new_nef_0014_alum. ems
TEXTURE_FILE = alum_polished.txt
USE_GAUSSIAN_TEXTURE = False
MATERIAL_ENTRY_END
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = deciduous_2
MATERIAL_ID =33
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY 0.0000
MASS_DENSITY = 1.0000
SPECULARITY = 0.00
VISIBLE_EMISSIVITY =0.88
THERMAL_EMISSIVITY = 0.9 6
THICKNESS =0.1
EXPOSED_AREA = 0.15
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = new_deciduous . ems
EXTINCTION_FILE = plant_leaf . ext
TEXTURE_FILE = plant_leaf.tex
USE_GAUSSIAN_TEXTURE = TRUE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEG IN
MATERIAL_NAME = kodak_white_card
MATERIAL_ID =34
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY = 0.00 00
MASS_DENSITY = 1.0000
SPECULARITY 0.00
VISIBLE_EMISSIVITY 0.18
THERMAL_EMISSIVITY 0.18
EXPOSED_AREA 0 . 17
OPTICAL_DESCRIPTION OPAQUE
EMISSIVITY_FILE =
new_kodak_white_card. ems
TEXTURE_FILE kodak_white_card . tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
###########################################################################
# The following materials file is for the SEBASS simulations
###########################################################################
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = 2_Reflector
MATERIAL_ID = 1
SPECIFIC_HEAT = 1.000 0
THERMAL_CONDUCTIVITY = 0.0000
MASS_DENSITY 1.0000
SPECULARITY =0.00
VISIBLE_EMISSIVITY =0.98
THERMAL_EMISSIVITY =0.98
EXPOSED_AREA =0.17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_2_REFLECTOR . ems
TEXTURE_FILE = 2_Reflector.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = 12_Reflector
MATERIAL_ID = 3
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY = 0.0000
MASS_DENSITY = 1.0000
SPECULARITY = 0.00
VISIBLE_EMISSIVITY =0.88
THERMAL_EMISSIVITY =0.88
EXPOSED_AREA =0.17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_12_REFLECTOR . ems
TEXTURE_FILE = 12_Reflector.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = 4_Reflector
MATERIAL_ID = 2
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY = 0.0000
MASS_DENSITY = 1.0000
SPECULARITY 0.00
VISIBLE_EMISSIVITY =0.96
THERMAL_EMISSIVITY =0.96
EXPOSED_AREA =0.17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_4_REFLECTOR . ems
TEXTURE_FILE 4_Reflector . tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = 24_Reflector
MATERIAL_ID 4
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY = 0.0000
MASS_DENSITY 1.0000
SPECULARITY 0.00
VISIBLE_EMISSIVITY =0.76
THERMAL_EMISSIVITY 0.76
EXPOSED_AREA =0.17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_24_REFLECTOR . ems
TEXTURE_FILE = 24_Reflector.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL ENTRY END
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME 3 6_Ref lector
MATERIAL_ID = 5
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY = 0.0000
MASS_DENSITY = 1.0000
SPECULARITY = 0.00
VISIBLE_EMISSIVITY
THERMAL_EMISSIVITY
EXPOSED_AREA = 0.17
OPTICAL_DESCRIPTION
EMISSIVITY_FILE = sb_3 6_REFLECTOR . ems
TEXTURE_FILE = 3 6_Reflector.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL ENTRY END
D.64
D.64
OPAQUE
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME sand
MATERIAL_ID = 8
SPECIFIC_HEAT = 0.1000
THERMAL_CONDUCTIVITY =
MASS_DENSITY = 1.0000
SPECULARITY =0.05
VISIBLE_EMISSIVITY = 0 .
THERMAL_EMISSIVITY = 0 .
EXPOSED_AREA = 0.30
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_j hu_ARROYO . ems
TEXTURE_FILE = sand. tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL ENTRY END
2.0000
5790665
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = 48_Reflector
MATERIAL_ID = 6
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY = 0.0000
MASS_DENSITY 1.0000
SPECULARITY = 0.00
VISIBLE_EMISSIVITY =0.52
THERMAL_EMISSIVITY =0.52
EXPOSED_AREA = 0 . 17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_48_REFLECTOR . ems
TEXTURE_FILE = 4 8_Reflector.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL ENTRY END
MATERIAL_ENTRY_BEG IN
MATERIAL_NAME = dirt_road
MATERIAL_ID = 9
SPECIFIC_HEAT = 0.2000
THERMAL_CONDUCTIVITY 5.0000
MASS_DENSITY = 1.3500
SPECULARITY =0.10
VISIBLE_EMISSIVITY = 0.6671523
THERMAL_EMISSIVITY =0.90
EXPOSED_AREA = -0.50
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_jhu_KOFA_IN . ems
TEXTURE_FILE = soil. tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL ENTRY END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = 60_Reflector
MATERIAL_ID 7
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY 0.0000
MASS_DENSITY = 1.0000
SPECULARITY =0.00
VISIBLE_EMISSIVITY =0.40
THERMAL_EMISSIVITY = 0.4 0
EXPOSED_AREA = 0 . 17
OPTICALJDESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_60_REFLECTOR. ems
TEXTURE_FILE 60_Reflector.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = desert_pavement
MATERIAL_ID =10
SPECIFIC_HEAT = 0.5400
THERMAL_CONDUCTIVITY 10.00
MASS_DENSITY = 1.0000
SPECULARITY = 0.00
VISIBLE_EMISSIVITY = 0.803531
THERMAL_EMISSIVITY = 0.8823 69
EXPOSED_AREA = 0.7
OPTICAL_DESCRIPTION OPAQUE
EMISSIVITY_FILE = sb_jhu_malpai . ems
TEXTURE_FILE gravel . tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = camouflage_nets_l
MATERIAL_ID =11
SPECIFIC_HEAT 0.310 6
THERMAL_CONDUCTIVITY = 0.5100
MASS_DENSITY 0.03 00
SPECULARITY = 0.00
VISIBLE_EMISSIVITY = 0.881099
THERMAL_EMISSIVITY = 0.954544
EXPOSED_AREA = 0.35
OPTICAL_DESCRIPTION =
UNIFORM_TRANSMISSION
THICKNESS = .1
EMISSIVITY_FILE = sb_jhu_01dodwood . ems
EXTINCTION_FILE = jhu_01dodwood. ext
TEXTURE_FILE = camouflage_nets.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = camouf lage_nets_2
MATERIAL_ID =12
SPECIFIC_HEAT = 0.310 6
THERMAL_CONDUCTIVITY - 0.5100
MASS_DENSITY = 0.0300
SPECULARITY =0.00
VISIBLE_EMISSIVITY 0.8849248
THERMAL_EMISSIVITY 0.950125
EXPOSED_AREA = 0.35
THICKNESS = .1
OPTICAL_DESCRIPTION =
UNIFORM_TRANSMI SSION
EMISSIVITY_FILE = sb_jhu_3 3desert . ems
EXTINCTION_FILE = jhu_33desert . ext
TEXTURE_FILE = camouflage_nets.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEG IN
MATERIAL_NAME = camouf lage_nets_3
MATERIAL_ID =13
SPECIFIC_HEAT = 0.3106
THERMAL_CONDUCTIVITY 0.5100
MASS_DENSITY - 0.0300
SPECULARITY = 0.00
VISIBLE_EMISSIVITY = 0.814795
THERMAL_EMISSIVITY = 0.949245
EXPOSED_AREA = 0.3 5
THICKNESS = . 1
OPTICAL_DESCRIPTION =
UNIFORM_TRANSMISSION
EMISSIVITY_FILE sb_jhu_fallonl . ems
EXTINCTION_FILE jhu_fallonl . ext
TEXTURE_FILE = camouflage_nets.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = camouf lage_nets_4
MATERIAL_ID 14
SPECIFIC_HEAT = 0.310 6
THERMAL_CONDUCTIVITY = 0.5100
MASS_DENSITY = 0.03 00
SPECULARITY 0.00
VISIBLE_EMISSIVITY = 0.726809
THERMAL_EMISSIVITY = 0.869001
EXPOSED_AREA = 0.35
THICKNESS . 1
OPTICAL_DESCRIPTION =
UNIFORM_TRANSMISSION
THICKNESS . 1
EMISSIVITY_FILE sb_jhu_llmilikn . ems
EXTINCTION_FILE jhu_12milikn . ext
TEXTURE_FILE = camouflage_nets.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME camouf lage_nets_5
MATERIAL_ID =15
SPECIFIC_HEAT 0.3106
THERMAL_CONDUCTIVITY = 0.5100
MASS_DENSITY 0.03 00
SPECULARITY 0.00
VISIBLE_EMISSIVITY 0.923057
THERMAL_EMISSIVITY 0.964679
EXPOSED_AREA = 0.35
THICKNESS = .1
OPTICAL_DESCRIPTION =
UNIFORM_TRANSMISSION
EMISSIVITY_FILE = sb_jhu_27woodld . ems
EXTINCTION_FILE = jhu_27woodld. ext
TEXTURE_FILE = camouflage_nets.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME painted_steel_r_l
MATERIAL_ID =16
SPECIFIC_HEAT 0.0890
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY 7.83 3 0
SPECULARITY = 0.3 0
VISIBLE_EMISSIVITY = 0.751796
THERMAL_EMISSIVITY =0.70
EXPOSED_AREA = -0.50
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE sb_WR_SCUD_BODY . ems
TEXTURE_FILE = painted_steel_roof.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = painted_steel_s_l
MATERIAL_ID - 17
SPECIFIC_HEAT = 0.0890
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY = 7.8330
SPECULARITY = 0.3 0
VISIBLE_EMISSIVITY = 0.751796
THERMAL_EMISSIVITY = 0.25
EXPOSED_AREA = -0.50
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_WR_SCUD_BODY . ems
TEXTURE_FILE = painted_steel_side.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = painted_steel_r_2
MATERIAL_ID 18
SPECIFIC_HEAT = 0.0890
THERMAL_CONDUCTIVITY =
MASS_DENSITY = 7.8330
SPECULARITY = 0.30
VIS IBLE_EMISSIVITY 0 .
THERMAL_EMISSIVITY 0 .
EXPOSED_AREA = -0.50
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_WR_T72 . ems
TEXTURE_FILE = painted_steel_roof.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = painted_steel_s_2
MATERIAL_ID =19
SPECIFIC_HEAT = 0.1111
THERMAL_CONDUCTIVITY
MASS_DENSITY 7.8330
SPECULARITY = 0.3 0
VISIBLE_EMISSIVITY = 0 .
THERMAL_EMISSIVITY = 0 .
EXPOSED_AREA = -0.55
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_WR_T72 . ems
TEXTURE_FILE = painted_steel_side.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
464.4000
828344
70
464.4000
808342
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = painted_steel_r_3
MATERIAL_ID = 20
SPECIFIC_HEAT = 0.0890
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY = 7.8330
SPECULARITY = 0.30
VISIBLE_EMISSIVITY = 0.80
THERMAL_EMISSIVITY = 0.7 0
EXPOSED_AREA = -0.50
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE
new_painted_steel_roof . ems
TEXTURE_FILE = painted_steel_roof.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME painted_steel_s_3
MATERIAL_ID = 21
SPECIFIC_HEAT 0.1111
THERMAL_CONDUCTIVITY 464.4000
MASS_DENSITY 7.8330
SPECULARITY = 0.30
VISIBLE_EMISSIVITY 0.98
THERMAL_EMISSIVITY 0.25
EXPOSED_AREA -0.55
OPTICAL_DESCRIPTION - OPAQUE
EMISSIVITY_FILE =
new_painted_steel_side. ems
TEXTURE_FILE = painted_steel_side.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = painted_steel_r_4
MATERIAL_ID =22
SPECIFIC_HEAT = 0.0 890
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY = 7.8330
SPECULARITY = 0.3 0
VISIBLE_EMISSIVITY =0.80
THERMAL_EMISSIVITY - 0.70
EXPOSED_AREA -0.50
OPTICAL_DESCRIPTION OPAQUE
EMISSIVITY_FILE =
new_painted_steel_roof . ems
TEXTURE_FILE painted_steel_roof . tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = painted_steel_s_4
MATERIAL_ID = 23
SPECIFIC_HEAT 0.1111
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY = 7.8330
SPECULARITY = 0.30
VISIBLE_EMISSIVITY =0.98
THERMAL_EMISSIVITY = 0.25
EXPOSED_AREA = -0.55
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE =
new_painted_steel_side . ems
TEXTURE_FILE painted_steel_side . tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = black_wood
MATERIAL_ID 2 6
SPECIFIC_HEAT = 0.4020
THERMAL_CONDUCTIVITY = 0.8600
MASS_DENSITY 1.0000
SPECULARITY =0.10
VISIBLE_EMISSIVITY 0.95
THERMAL_EMISSIVITY 0.90
EXPOSED_AREA -0.60
OPTICAL_DESCRIPTION OPAQUE
EMISSIVITY_FILE =
sb_jhu_GREEN_PAINT . ems
TEXTURE_FILE black_wood.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL ENTRY END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = missle
MATERIAL_ID =24
SPECIFIC_HEAT = 0.0890
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY = 7.8330
SPECULARITY = 0.30
VISIBLE_EMISSIVITY = 0.94606
THERMAL_EMISSIVITY =0.70
EXPOSED_AREA -0.50
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_WR_MISSLE . ems
TEXTURE_FILE painted_steel_roof . tex
USE_GAUSSIAN_TEXTURE - FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME - tree_trunk
MATERIAL_ID =27
SPECIFIC_HEAT = 0.6700
THERMAL_CONDUCTIVITY 0.8600
MASS_DENSITY = 0.6000
SPECULARITY =0.00
VISIBLE_EMISSIVITY =0.99
THERMAL_EMISSIVITY =0.97
EXPOSED_AREA = -0.15
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE sb_WR_SCRUB_VEG . ems
TEXTURE_FILE = bare_wood.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL ENTRY END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = rusted_steel
MATERIAL_ID =25
SPECIFIC_HEAT - 0.1111
THERMAL_CONDUCTIVITY = 464.4000
MASS_DENSITY 7.8330
SPECULARITY = 0.00
VISIBLE_EMISSIVITY = 0.688015
THERMAL_EMISSIVITY =0.25
EXPOSED_AREA = -0.55
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE =
sb_jhu_BURNT_PAINT . ems
TEXTURE_FILE = painted_steel.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = bush
MATERIAL_ID =28
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY 0.0000
MASS_DENSITY = 1.0000
SPECULARITY = 0.00
VISIBLE_EMISSIVITY = 0.9 0
THERMAL_EMISSIVITY =0.96
EXPOSED_AREA = 0.17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE sb_WR_SCRUB_VEG . ems
EXTINCTION_FILE plant_leaf . ext
TEXTURE_FILE = plant_leaf.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL_ENTRY_END
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = rubber
MATERIAL_ID =29
SPECIFIC_HEAT = 0.2986
THERMAL_CONDUCTIVITY =
MASS_DENSITY = 1.1980
SPECULARITY = 0.10
VISIBLE_EMISSIVITY = 0 .
THERMAL_EMISSIVITY = 0.
EXPOSED_AREA = -0.65
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_WR_SCUD_TIRE . ems
TEXTURE_FILE = tire. tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY END
1.3000
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = aluminum
MATERIAL_ID =32
SPECIFIC_HEAT = 0.2198
THERMAL_CONDUCTIVITY = 2064.000
MASS_DENSITY = 2.700
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.15
THERMAL_EMISSIVITY =0.10
EXPOSED_AREA = -1.00
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_jhu_TAN_PAINT . ems
TEXTURE_FILE = alum_polished.txt
USE_GAUSSIAN_TEXTURE = False
MATERIAL_ENTRY_END
12.0400
0.70
0.80
OPAQUE
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = glassl
MATERIAL_ID =30
SPECIFIC_HEAT = 0.5200
THERMAL_CONDUCTIVITY =
MASS_DENSITY = 1.0000
SPECULARITY = 0.2 0
VISIBLE_EMISSIVITY
THERMAL_EMIS S IVITY
EXPOSED_AREA = -0.65
OPTICAL_DESCRIPTION
EMISSIVITY_FILE = sb_WR_SCUD_BODY . ems
TEXTURE_FILE = glass.tex
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = deciduous
MATERIAL_ID = 31
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY
MASS_DENSITY = 1.0000
SPECULARITY 0.00
VISIBLE_EMISSIVITY = 0 .
THERMAL_EMISSIVITY = 0 .
EXPOSED_AREA = 0.15
THICKNESS =0.1
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_WR_SCRUB_VEG . ems
EXTINCTION_FILE = plant_leaf . ext
TEXTURE_FILE plant_leaf . tex
USE_GAUSSIAN_TEXTURE = TRUE
MATERIAL ENTRY_END
0.0000
96
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME deciduous_2
MATERIAL_ID 3 3
SPECIFIC_HEAT 1.0000
THERMAL_CONDUCTIVITY = 0.0000
MASS_DENSITY 1.0000
SPECULARITY = 0.00
VISIBLE_EMISSIVITY 0.88
THERMAL_EMISSIVITY 0.96
THICKNESS =0.1
EXPOSED_AREA 0.15
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sb_WR_SCRUB_VEG . ems
EXTINCTION_FILE = plant_leaf . ext
TEXTURE_FILE plant_leaf.tex
USE_GAUSSIAN_TEXTURE TRUE
MATERIAL_ENTRY_END
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME kodak_white_card
MATERIAL_ID =34
SPECIFIC_HEAT = 1.0000
THERMAL_CONDUCTIVITY 0.0000
MASS_DENSITY = 1.0000
SPECULARITY =0.00
VISIBLE_EMISSIVITY =0.18
THERMAL_EMISSIVITY = 0.18
EXPOSED_AREA =0.17
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE =
sb_kodak_white_card . ems
TEXTURE_FILE = kodak_white_card.tex
USE_GAUSSIAN_TEXTURE FALSE
MATERIAL ENTRY END
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Apendix B Programs and Scripts
#This script works on all the one minute files in its current directory
#and is one of many scripts and programs utilized to create the DIRSIG
#weather files. The date and pressure data are cut from the original
#files. This data is then processed by two different awk programs. The
#first converts the pressure values from inches of mercury to millibars
#and the second resamples the data at 15 minute intervals which is
#necessary for the DIRSIG weatherf iles . The converted and resampled data
#is then written out to a new file, *.p.
#
#Dave Joseph
###############################################################
#! /bin/csh
foreach file (O10-77.DAT)
echo : : : $file : :
cut -cl-5, 37-42 $file | awk -f p . awk | awk -f skip. awk > $file.p
end
###############################################################
# This awk program works on all the one minute files in its current
#directory and is one of many scripts and programs utilized to create
#the DIRSIG weather files. It stips out the time ($1), that the sample
#was collected, and the pressure ($2), converting the latter from inches
#of mercury to millibars. The getline is used to eliminate some
tsuperfluous data from the file which resulted from the cut command in
#the previous script - each set of measurements consisted of two lines
#of data.
#
#Dave Joseph
###############################################################
#1 /bin/awk
{
print $1, $2 * 33.8638855983
getline;
}
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###############################################################
#This awk program works on all the one minute pressure data formatted
#with the previous program. It is one of the many programs utilized to
#create the DIRSIG weather files.
#
#This awk program is used to resample the data at 15 minute intervals.
#
#Dave Joseph
###############################################################
#1 /bin/awk
{
print $1, $2
getline ; getline ; getline ; getline ; getline ; getline ; getline ;
getline getline ; getline ; getline ; getline ; getline getline ;
print $1, $2
getline; getline; getline; getline; getline; getline; getline;
getline; getline; getline; getline; getline; getline; getline; getline ;
###############################################################
#This script works on all the WEA## files in the current directory and
#is one of the many scripts and programs utilized to create the DIRSIG
ttweather files. It calls two different awk programs.
#
#The first, py.awk, strips out the time and pyronameter values
#and writes them to a new file *.py.
#
#The second, skip. awk, strips out the time,
#air temp, relative humidity and wind speed and writes them to a new
file * . wea .
#
#Dave Joseph 2/97
###############################################################
#! /bin/csh
foreach file ( WEA??)
echo : : : $file : :
awk -f py.awk $file > $file.py
awk -f skip. awk $file > $ file.wea
end
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############################################################
#This awk program works on all the WEA## files in the current directory
#and is one of the many programs utilized to create the DIRSIG weather
#files.
#
#It strips the time and pyronameter values from the original WEA##
#files. The latter represents the total solar insolation value which
#will be used with the shadow band files to determine the direct
#insolation term required by DIRSIG. The latter will be subtracted from
#the former to detrmine the direct insolation.
#
#The insolation values are multiplied by 0.086 to convert from W/m"2 to
#Langley/hour, which are the units required by DIRSIG. The time value is
#also formatted for DIRSIG: as a fraction representing quarter hour
# increments .
#
#The two getlines are included in order to resample the data on quarter
#hour increments rather than the five minute interval that the data was
#collected at.
#
#Note: The support material that accompanied the weather files indicated
#that the pyronameter measurements were in units of Watts/ centimeter
#squared, but the values are unrealistic. As mentioned above, I used
#them as W/m'~2 .
#
#
#Dave Joseph 2/97
#############################################################
# ! /bin/awk
{
printf "%4.2f %6.4f \n" , $2 * 0.01, $7 * 0.086;
getline; getline;
}
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################################################################
#This awk program works on all the WEA## files in the current directory
#and is one of the many programs utilized to create the DIRSIG weather
#files.
#
#It strips out 4 fields from the original weather files, WEA##,
#including time, temp, RH, and wind speed respectively.
#
#RH values are multiplied by 0.01 to convert from a percent to a
#fraction, and the wind speed term is multiplied by 0.447040 to convert
#from mph to meters per second. Temp data is in degrees C.
#
#The getlines are utilized to resample the data from 5 to 15 minute
#intervals, which is required by DIRSIG.
#
#Dave Joseph 2/97
################################################################
# ! /bin/awk
{
printf "%s %4.2f %4.2f %4.2f \n" ,
$2, $6, $9 * 0.01, $10 * 0.447040;
getline ; getline ;
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################################################################
#This awk program works on the files containing the time, total and
#diffuse insolation terms. They were created by pasting together the
#total insolation file stripped from the original WEA## file and the
#Shadow band files. The latter were collected separtely
las part of the Western Rainbow study.
#
#The program looks at the total insolation term, field two (#2), to see
#if it is a negative value. If so, it prints out the direct insolation
#term as 0.0000 (direct insolation being total insolation minus diffuse
#insolation. ($2 -$4) Negative values were generated in the original
#files during night-time hours.
#
#The program also prints out the diffuse term as 0.0000, without
#checking it, assuming that if the total term is negative the diffuse
#term should also be negative.
#
#If the total term is positive, then direct insolation is calculated as
#the difference between total and diffuse. The sample time, direct, and
#diffuse insolation terms are printed out to a new file which will later
#be incorporated into the final DIRSIG weather file.
#
#Dave Joseph 2/97
#############################################################
# ! /bin/awk
{
if ($2 < 0.0)
printf "%4.2f %6.4f %6.4f \n" , $1, 0.0000, 0.0000
else
printf "%4.2f %6.4f %6.4f \n" , $1, $2 - $4, $4
}
###############################################################
#This script converts every shadow band file in the current directory.
#
#It calls sh_skip.awk, which formats the data for DIRSIG and writes it
#out to a new file.
#
#Dave Joseph
###############################################################
#! /bin/csh
foreach file (sh??)
echo : : : $file : : :
awk -f sh_skip.awk $file > $file.sh
end
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################################################################
#This program strips out the time and diffuse insolation from the shadow
#band file and converts the latter from W/mA2 to Langley/hr.
#
#The two getlines are utilized to resample the data from five to quarter
#hour intervals which are necessary for the DIRSIG weather file.
#
#Dave Joseph
################################################################
# ! /bin/awk
{
print $2, $3 * 0.086;
getline; getline
}
######################################################################
# This awk program will convert a specific Southern Rainbow radiosonde
# file into one that build_radiance can use.
#
# This may need to be modified to apply to other radiosonde files.
#
# The maximum number of radiosonde entries build_radiance can take
# is 33. In order to accomodate this, certain entries have to be
# removed. All entries below 1500 feet ( sesnsor altitude )
# have been kept, while entries above this altitude were resampled
# in order to get 33 entries.
#
# Also, any entries that had a negative change in altitude were
# ignored.
#
# In the event that more than 33 entries are generated, the Makefile
# that calls this awk program should take care of truncating entries
# above the 33 limit.
#
# For other radiosonde file, the number of getlines may need to be
# changed.
#
# A conversion from relative humidity to dew point temperature
# was taken from the TEEX/TRIO manual (contains governing
# equations for AIRSIM_THERM) .
#
# The fomula is taken to be.
#
# RH -> Relative Humidity # Assumed to be percent.
# AC -> Vapor pressure MAGIC NUMBER = 17.2 69 degrees Celsius.
# BC -> Vapor pressure MAGIC NUMBER = 35.8 60 degrees Celsius.
# Ta -> Air temperature
# K -> Centigrade to Kelvin Conversion Factor = 273.15
# VPa -> Vapor pressure of air
#
# Vpa = 6.108 * RH * exp ( AC * Ta / ( Ta + K - BC ) )
#
183
## Td -> Dew point temperature in degrees Celsius
#Rolando Raqueno
#
#Modified for Western Rainbow Files 1/97
iDave Joseph
BEGIN { getline; previous_altitude = 0.0;
AC = 17.2 69;
BC = 35.860;
K = 273.15 }
{
DATE = $1;
TIME = $2;
SECONDS= $3;
TEMP = $4; # Assumed to be degrees C
HUMID = $5; # Assumed to be % humidity
PRESS = $6; # Assumed to be millibars
ALT = $7 # Assumed to be feet
delta_altitude = ALT - previous_altitude;
if( delta_altitude >= 0.0 )
{
altitude_km = ALT * 3 . 048000e-04 ; #converts feet to km
RH = HUMID/100.0;
Ta = TEMP
Vpa = 6.108 * RH * exp ( AC * Ta / ( Ta + K - BC ) ) ;
Td = 5352.2 / ( 21.4 - log( Vpa ) ) - K;
printf "%.3f %.3f %.3f %.3f \n" , altitude_km, PRESS, Ta, Td;
previous_altitude = ALT;
iff $7 > 1500 ) { getline; getline; getline; getline; getline;
getline; getline; getline; getline; getline;
getline; getline; getline; getline; getline;
getline; getline; getline; getline; getline;
getline; getline; getline; getline; getline;
getline} ;
}
}
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################################################################
# This c-shell script it set up to process the Bomem ground truth data
#collected as part of the Western Rainbow study. It reads in all the
#separate scans from the sample sequence.
#
#For example each desert pavement sample contains 36 separate data
#files each of which is an ascii format, two column, 2907 lines long.
#The first column is wavelength in microns and the second is radiance in
#micro Watts per cmA2 steradian micron. (uW/cmA2 st (im) . The script
#strips out the 8-14 micron window, converts the radiance values to
#Watts per meterA2 steradian micron, and pastes all the separate scans
#into a single file. It then produces an average spectral value for each
#line in the file which is called spectral_avg.
#
#Next it calls an idl batch file, @planck, which initiates a program to
tconvert the spectral_avg file to emissivity values via the Planck curve
#fitting technique. The output from the idl routine is emiss.dat. The
#last line in the script determines the average emissivity value of the
#file over the entire sprectral window which is used as an input to the
#DIRSIG material's file.
#
# David Joseph
# 1/97
################################################################
#! /bin/csh
rm -f test_paste
touch test_paste
foreach file (ym????tc . ? .asc ym????tc . ?? . asc)
echo : : : file : : :
mv test_paste tmpl
tail +2335 $file | awk v {print $2 * le-02}' > tmp2
paste tmpl tmp2 > test_paste
end
awk -f spec tral_avg. awk < test_paste > spectral_avg
idl < planck
awk -f average. awk emiss.dat > emis_avg
#######################################################
#Spectral_Average . awk
#######################################################
# ! /bin/awk
{
print ($1 + $2 + $3 + $4 + $5 +$6 +$7 + $8 + $9 + $10 + $11 \
+ $12 + $13 + $14 + $15 +$16 + $17 + $18 + $19 + $20 + $21 \
+ $22 + $23 + $24 + $25 + $26 + $27 + $28 + $29 + $30 + $31 \
+ $32 + $33 + $34 + $35 + $36) / 36
getline; getline; getline; getline
}
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#########################################################
#Avg.awk Determines the average emissivity value for the
#file over the entire spectral window
#########################################################
BEGIN {
sum=0
number=0 }
sum = sum +
iff $1 > 0
number ;
$1
number + 1
}
END {
# print 1 - ((sum / number) /100J
print sum/number
iiii
i i i i i
planck_fit . pro
This idl procedure converts a two column data file containing
wavelength and radiance data respectively into a two column data file
containing wavelength and emissivity data respectively via the Planck
curve fitting technique.
openr, lun.
'
spectral_avg
'
, /get_lun
a = fltarr (115) ; an array to contain the radiance values
readf, lun, a ; read the values from spectral_avg into a
close, lun
openr, lun, 'wavelength' , /get_lun
WV = fltarr (115)
readf, lun, WV
close, lun
an array to contain the wavelength values
: read the values from wavelength into WV
WV = WV * 0.000001 ; converts wavelength units from microns to
meters
TEMP 285.0
Cl = 3 74e-22
C2 = 0.0144
starting temp value in K for curve
fitting procedure
first radiation constant
second radiation constant
Lbb = fltarr (115) ; an array to contain the black-body
radiance values
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determine the black-body radiance values for a partiuclar TEMP
i i i i i i
for i = 0, 114 do begin
Lbb (i) = Cl / (WV(i)A5 * !pi * (exp(C2 / (WVf i ) *TEMP) ) -1 ) )
endfor
; determine the emissivity values by dividing each value in a by
; each corresponding value value in Lbb
EMISS = a / Lbb
; determine the maximum emissivity value in the array EMISS using
; the predefined idl function max
I I I I I t I r f f I f t f t I t I I f I t I I f I I I t I I I t I I f t f I I I I I I I I t f I r f f I r t t I t t I t i i ' i
EMISS_MAX = max (EMISS)
;if the maximum emissivity value is greater than 1.0 then the
;variable TEMP is incremented by 0.01 and a new set of emissivity
; values are determined. The loop continues until the the
; emissivity is slightly less than 1.0. The Planck curve fitting
; technique assumes unit emissivity at some point in the spectral
;window in question.
while (EMISS_MAX GE 1.0) do begin
TEMP = TEMP +0.10
for j = 0, 114 do begin
Lbbfj) = Cl / (WV(j)A5 * !pi * (exp(C2 / (WV ( j ) *TEMP) ) -1 ) )
end for
EMISS = a / Lbb
EMISS_MAX = max (EMISS)
endwhile
AppT = fltarr (115) ; an array for apparent temperature values
; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; '< > ' ' '< '< ' ' > ' ; ; ; '> : : '> m> '> ; ;
;A loop to convert the emissivity values obtained above to
; apparent temperatures .
for k = 0, 114 do begin
AppT (k) = C2 / (WV(k) * AL0G((C1 / (a(k)
* EMISS(k) * $
WV(k)"5*!pi) ) + 1) )
endfor
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f r I I I i I I I I i I I I I I i I I I
,-A procedure to determine the average apparent temperature over
; the entire spectral window
I I I 'i ) 't ] 'i 'i 'i ] ] 'l 'i I I I I I I t I I f I I I I I I f I t I I I I f I I I I I I I t I I I I I I i r I I I I I I I I I I
sum = 0.0 ; initialize sum to zero
num = 0.0 ; initialize num to zero
for 1 =0,115 do begin
sum = sum + AppT ( 1 )
num = num + 1
endfor
AVG_TEMP = sum/num
; Set up a structure to contain radiance, blackbody radiance,
; emissivity, apparent temperature, and wavelength data
DATA = (L:fltarr(115) , BBL : fltarr ( 115 ) , EMS : fltarr ( 115 ) , $
APTEMP: fltarr (115) , WAVE : fltarr ( 115 ) }
DATA.L = a
DATA. BBL = LBB
DATA. EMS = EMISS
DATA. APTEMP = AppT
DATA. WAVE = WV
,-Write the data contained in the structure to a file
openw, 1, ' info . dat '
for i = 0, 127 do begin
printf, 1, DATA.L(i), DATA. BBL (i), DATA. EMS (i), $
DATA . APTEMP ( i ) , DATA . WAVE ( i )
endfor
close, 1
openw, 2, 'emiss_temp.dat'
printf, 2, EMISS_MAX, TEMP. AVG_TEMP, max (AppT)
close, 2
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;;con_jhu.pro
;;This program interpolates jhu emissivity data to a format
;;that is recognized by DIRSIG. The wavelength dependent DIRSIG
;;emissivity file from 39850 to 350 inverse cm is created by this
;;routine. The raw data that is read into the program must have
;;had the header removed.
;;Dave Joseph 4/97
;Read in the raw data: first column wavelength in microns
;second column reflectance as a fraction
openr, lun, '12milikn',/get_lun
JHU = fltarr(2,2868)
readf, lun, JHU
close, lun
;x: convert microns to inverse centimeters
;y: convert reflectance to emissivity
x = 10000/JHU(0,*)
y = 1 - JHU(1,*)
;create the the output wavelength anay which ranges from
;39850 to 350 inverse cm by increments of -100
WAVE = intarr (396)+39850
a = lindgen(396)*100
WAVE = WAVE - a
;create the output emissivity anay and initialize it to 1 .0
EMISS = fltarr(396)+l
;Create a temporary emissivity anay that will become a subset of
;the output EMISS anay. Use the idl interpol function to
;interpolate the raw emissivity values at the output wavelength
;centers.
;The wavelength range 149 - 392 represents the subset that the raw
;jhu data conforms to. It can be altered to include or exclude other
;regions as the raw data dictates.
emiss_temp = INTERPOL (y,x,WAVE(149:392))
EMISS(149:392) = emiss_temp
;set up a structure that is composed of a long_int any and a float
;anay and print it out to a file through a for-loop
f = {a:lonan(396), b:fltan(396)}
f.a = WAVE
f.b = EMISS
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openw, 1, '12milikn.ems'
for i = 0,395 do $
printf, 1, f.a(i), f.b(i)
close, 1
end
#These next two scripts work on all the JHU camouflage files in the #cunent directory. They both convert
the data from reflectance to #emissivity which is then written out to a new file. In addition, they #determine
a single average emissivity term for the visible and thermal #regions as inputs to the DIRSIG material
files.
#11111111 II II II II II II II ll II II 11 II II II II II II II II II II 11 II II II II II II II II II M II II II II I) )) II II II II II II II II II II II II II II II II II II II 11
CTffffftftffffffffffff/) //#fffiff7r/rfftf##7rffTrffff7r// // // )/ //ft######CT#ffff###ftftff // /) // // //ft#####tt#ftftftft
#! /bin/csh
foreach file (??*.bb ??*.bbl)
echo ::: $file :::
head -1 141 $file I awk '{print $1, (1.0 - $2)}* > $file.vis_emiss
awk -f average.awk $file.vis_emiss > $file.vis_avg
end
#! /bin/csh
foreach file (??*.bb ??*.bbl)
echo ::: $file :::
tail +1141 $file I awk '{print $1, (1.0 - $2)}' > $file.th_emiss
awk -f average.awk $file.th_emiss > $file.th_avg
end
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;jhu_tsm.pro
;This program converts the JHU camouflage transmission data to a
;format that can be utilized by DIRSIG.
;D. Joseph 3/97
})>) j j j j j j i
;Open the file that contains the transmission data for the camo
;materials.
openr, lun, 'fallonl_tran',/get_lun
tms = fltarr(2,2868)
readf, lun, tms
close, lun
;convert the first column of data from microns to inverse
jcentimenters
tms(0,*) = 10000/tms(0,*)
;create an anay of wavelenths that represent the values that DIRSIG
;requires as input to their *.ems files. Wavelengths are expressed
;in inverse centimenters ranging from 39850 to 350 by decrements of
;100.
WAVE = 39850 - (lindgen(396) * 100)
;Use the IDL INTERPOL function to interpolate the transmission
;values between the wavelengths specified in the WAVE anay
nnnnnni
TRANS = fltarr(396)
tms_temp = INTERPOL (tms(l,*),tms(0,*),WAVE(149:391))
TRANS(149:391) = tms_temp
;Create a structure containing both the wavelength and transmission
;data.
))))))M))M))J)
f = {a:lonan(396), b:fltan(396)}
f.a = WAVE
f.b = TRANS
)n)i))))i
;Write out the data to a file.
openw, 1,
'fallonl.tms'
for i = 0,395 do $
printf, l,f.a(i), f.b(i)
close, 1
end
jjji))ji>i)JJJi
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;jhu_ext.pro
;This program is essentially the same as the one above except that
;it converts the transmission data to extinction coefficient values.
;Dave Joseph 3/97
;Open the file that contains the transmission data for the camo
;materials.
openr, lun, 'fallonl_tran',/get_lun
tms = fltarr(2,2868)
readf, lun, tms
close, lun
;convert the first column of data from microns to inverse
;centimenters
tms(0,*) = 10000/tms(0,*)
;create an anay of wavelenths that represent the values that DIRSIG
;requires as input to their *.ems files. Wavelengths are expressed
;in inverse centimenters ranging from 39850 to 350 by decrements of
;100.
i))))iii)))u))))
WAVE = 39850 - (lindgen(396) * 100)
;Use the IDL INTERPOL function to interpolate the transmission
lvalues between the wavelengths specified in the WAVE anay
)))iil))l)))5)55))5)
TRANS = fltarr(396)
tms_temp = INTERPOL (tms(l,*),tms(0,*),WAVE(149:391))
TRANS(149:391) = tms_temp
;Create an anay to contain the extinction values and convert from
;transmission to extinction
EXT = fltan(396)
EXT(149:391) = -(ALOG(TRANS(149:391)))/0.000001
;Create a structure to contain both the
;wavelength and transmission data.
f = {a:lonan(396), b:fltarr(396))
f.a = WAVE
f.b = EXT
;Write out the data to a file.
openw, 1,
'fallonl.ext'
for i = 0,395 do $
printf, 1, f.a(i), f.b(i)
close, 1
end
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The next two programs determine the extinction values for the HYDICE and SEBASS files respectively.
They are similar to the jhu_ext.pro file above, differing only in the wavelengths that are defined in the
WAVE anays the transmission values that are interpolated from the original JHU file, and the subsequent
extinction values that are derived from the interpolated transmission values.
;hyd_ext.pro
;Dave Joseph 3/97
j
;Open the file that contains the transmission data for the camo
;materials.
openr, lun, '33desert_tran',/get_lun
tms = fltarr(2,2868)
readf, lun, tms
close, lun
;convert the first column of data from microns to inverse
jcentimenters
tms(0,*) = 10000/tms(0,*)
;create an anay of wavelenths that represent the values that DIRSIG
;requires as input to their *.ems files. Wavelengths are expressed
;in inverse centimenters ranging from 25000 to 4000 by decrements of
;25.
))i)j))))i
WAVE = 26000 - lindgen(881) * 25
TRANS =fltan(881)+ 1
tms_temp = INTERPOL (tms(l,*),tms(0,*),WAVE)
TRANS = tms_temp
EXT = fltarr(881)
EXT = -(ALOG(TRANS))/0.000001
f = {a:lonan(881), b:fltarr(881)}
f.a = WAVE
f.b = EXT
openw, 1,
'hyd_33desert.ext'
for i = 0, 880 do $
printf, 1, f.a(i), f.b(i)
close, 1
end
jnjtnniinnjDnmmm!
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seb_ext.pro
Dave Joseph 3/97
Open the file that contains the transmission data for the camo
materials.
openr, lun, '27woodld_tran',/get_lun
tms = fltarr(2,2868)
readf, lun, tms
close, lun
;convert the first column of data from microns to inverse
;centimenters
tms(0,*) = 10000/tms(0,*)
>)JJU))
;create an anay ofwavelenths that represent the values that DIRSIG
;requires as input to their *.ems files. Wavelengths are expressed
;in inverse centimenters ranging from 1350 to 650 by decrements of
;2.
WAVE = 1350 - (lindgen(351) * 2)
TRANS =fltarr(351)
tms_temp = INTERPOL (tms(l,*),tms(0,*),WAVE(0:340))
TRANS(0:340) = tms_temp
EXT = fltarr(351)
EXT(0:340) = -(ALOG(TRANS(0:340)))/0.000001
f = {a:lonan(351), b:fltan(351)}
f.a = WAVE
f.b = EXT
openw, 1,
'seb_27woodld.ext'
for i = 0,350 do $
printf, 1, f.a(i), f.b(i)
close, 1
end
194
>)?> >3M5)1 JJ))1
;;hydJhu_rp.pro
;;This program interpolates jhu, reflective panel emissivity data
;;to a format that is recognized by DIRSIG.
;;The wavelength dependent DIRSIG emissivity file from 26000 to 4000
;;inverse cm is created by this routine. The raw data that is
;;read into the program must have had the header removed.
;;Dave Joseph 4/97
;Read in the raw data: first column wavelength in microns
;second column reflectance as a fraction
openr, lun, '12.emiss',/get_lun
JHU = fltarr(2,826)
readf, lun, JHU
close, lun
x=JHU(0,*) ;anay ofwavelength data
y=JHU(l,*) ;anay of reflectivity data
;create the the output wavelength anay which ranges from
;26000 to 4000 inverse cm by decrements of 25
WAVE = 26000 - (lindgen(881) * 25)
;create the output emissivity anay and initialize it to 1.0
EMISS = fltarr(881)+l
;create a temporary emissivity anay that will become a subset of
;the output EMISS anay. use the idl interpol function to
;interpolate the raw emissivity values at the output wavelength
;centers. The wavelength range 149 - 358 represents the subset that
;the raw jhu data conforms to. It can be altered to include or
;exclude other regions as the raw data dictates.
)77???7T)))))3JJ]
ems_tmp = INTERPOL (y,x,WAVE(40:880))
EMISS (40:880) = ems_tmp
;set up a structure that is composed of a long_int any and a float
;anay and print it out to a file through a for-loop
j)))jj)))jijjjjjjjjjjj)))i)j'
f = {a:lonan(881), b:fltarr(881)}
f.a = WAVE
f.b = EMISS
openw, 1,
'HYDJhu_rp_12.ems'
for i = 0, 880 do $
printf, 1, f.a(i), f.b(i)
close, 1
end
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;;reverse.pro
;;A little routine to reverse the order of the JHU data
;;Dave Joseph 3/97
openr, lun, 'fallonl_tran',/get_lun
a=fltan(2,2868)
readf, lun, a
close, lun
b = fltan(2,2868)
k= indgen(2868)
for i = 2867,0,-1 do begin
b(0,k) = a(0,i)
b(l,k) = a(l,i)
k=k+l
endfor
openw, 1, 'fallon_tran.'
printf, l,b
close, 1
end
;sebass_snd.pro
;This program determines the channel limits for the
;SEBASS runs. It reads in the SEBASS center wavelengths file
;and outputs a 2 column, 210 row file with the lower and upper limits
;of each channel printed in column 1 and 2 respectively.
;The center wavelength files are input as microns and the limits
;of each channel are calculated in microns before conversion to
;inverse centimeters. Consequently, the output file wave_limits.dat,
;is in units of inverse centimeters.
;Dave Joseph 2/97
openr, lun, 'wavelength',/get_lun
a = fltan(128)
readf, lun, a
close, lun
WVJJMITS = fltan(2,128)
for i = 0, 126 do begin
WVJJMITS (0,i)=a(i)-((a(i+ 1 )-a(i))/2)
WVJJMITS ( 1 ,i)=a(i)+((a(i+ 1 )-a(i))/2)
endfor
WVJJMITS(0, 127)=a( 127)-((a( 127)-a( 126))/2)
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WVJJMITS(l,127)=a(127)+((a(127)-a(126))/2)
WVJJMTS=10000/WVJJMITS
SND = dblan(3,128)
SND (0,0) = long(WV_LIMITS (0,0)) & SND (1,0) = long(WVJJMITS (1,0))
fori = 1, 127 do begin
SND (0,i) = long(WVJJMITS (l,i)) & SND (l,i) = long(WVJJMITS (0,i))
endfor
;set the number of intervals per band with the sndjntervals
;variable and then begin a procedure for extending the limits of the
;band so that when you divide the interval by sndjntervals you end
;up with an interger value. The first if statement adds one to
;"right
hand" band limit (SND(l,k)), and the second if statement
;adds one to the "left hand" band limit - this way extending the
;band width in both directions.
sndjntervals = 2.0
for k = 0, 127 do begin
SND (2,k) = (SND (l,k) - SND (0,k)) / sndjntervals
if(((SND(l,k)-SND(0,k)) mod sndjntervals) > 0.0) then begin
SND(l,k) = SND (l,k)+l
SND (2,k) = (SND (l,k) - SND (0,k)) / sndjntervals
if(((SND(l,k)-SND(0,k)) mod sndjntervals) > 0.0) then begin
SND (0,k) = SND (0,k)-l
SND (2,k) = (SND (l,k) - SND (0,k)) / sndjntervals
endif
endif
endfor
openw, lun, wavejimits.dat',/getJun
printf, lun, SND
freejun, lun
end
#this just switches the colums of the wave limits file around so they
#are in the proper format for the .snd files. Note: build radiance can
#only handl 64 channels at the present time so any attempt to model
#a hypersectral sensor with more than 64 bands will need to be broken #down into more than one .snd file.
{
printf "%.2f %.2f\n",$2,$l
}
Jill II II II II II II II II II II II II ______II 44-44 II II II It It It II II II It II It II II II II tl II II II II II li II 1144-11 II II II 1144-11 ll-U-ll 1 1 44-44~rt~i4-
#This script combines all the separate *dat files that DIRSIG
#generates into a image cube that can be opened in ENVI or other
#application programs.
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##The IDL routine that is embedded in the script performs band math on
#each *dat file, multiplying each pixel radiance value by some constant
#so that the value will show up as somethin other than zero in ENVI.
#
#Dave Joseph 5/97
///////////////;/////////////////////////;/;/;/////<///////</</<//////;;;;;//////;/////////////;/;;////;;;///</;///////////;
#! /bin/csh
rm -f hyd_1021_2000_cube
touch hyd_1021_2000_cube
foreach file (hyd_1021_2000.dat? hydJ021_2000.dat?? hyd_1021_2000.dat???)
echo ::: $file :::
mv hydJ021_2000_cube tmpl
dd if=$file bs=8 skip=l of=$file.dat
mv $file.dat tmp2
idl < @envi_math
cat tmpl tmp2 > hyd_1021_2000_cube
end
H)JJ>))>
;;envi_math.pro
;;Multiplies each pixel radiance value by some constant. Otherwise
;;the values will not be seen by ENVI.
;;Dave Joseph 5/97
jjjjj)))i
openr, lun, 'tmp2',/getjun
a = dblan(512,512)
readu, lun, a
close, lun
a = a* 100000
openw, 1,
'tmp2'
writeu, 1, a
close, 1
end
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Appendix C Rank Order Correlation Graphs for the DIRSIG / Daedalus
Simulations
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Figure Al . DIRSIG Ranks. Malapai, 10-20-95, 1030, Channels 1 through 10.
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Figure A2 . Daedalus Ranks. Malapai, 10-20-95, 1030, Channels 1 through 10.
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Figure A3 . DIRSIG Ranks. Malapai, 10-20-95, 1030, Channels 11 and 12.
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Figure A4 . Daedalus Ranks. Malapai, 10-20-95, 1030, Channels 11 and 12.
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Figure A5. DIRSIG Ranks. Malapai, 10-21-95, 0630, Channels 11 and 12.
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Figure A6. Daedalus Ranks. Malapai, 10-21-95, 0630, Channels 11 and 12.
201
1 4
c
to
OC
g
tr
o
2 3 4 5 6 7
Channel Number
1 0
2 %
-12%
2 4%
36%
-48%
60%
-DP
Road
Shadow
Tank
Mixed Veg
Wash
T72 DoD Desert
Scud ULCAN Desert
Figure A7 . DIRSIG Ranks. Malapai, 10-21-95, 1115, Channels 1 through 10.
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Figure A8 . Daedalus Ranks. Malapai, 10-21-95, 1115, Channels 1 through 10.
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Figure A9 . DIRSIG Ranks. Malapai, 10-21-95, 1115, Channels 11 and 12.
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Figure A10 . Daedalus Ranks. Malapai, 10-21-95, 1115, Channels 11 and 12.
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Figure All . DIRSIG Ranks. JCCD, 10-22-95, 0930, Channels 1 through 10.
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Figure Al2 . Daedalus Ranks. JCCD, 10-22-95, 0930, Channels 1 through 10.
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Figure A13 . DIRSIG Ranks. JCCD, 10-22-95, 0930, Channels 11 and 12.
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Figure A14 . Daedalus Ranks. JCCD, 10-22-95, 0930, Channels 11 and 12.
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